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THEORETICAL AND EXPERIMENTAL INVESTIGATION OF SUPERCAVITATING
HYDROFOILS OPERATING NEAR THE FREE WATER SURFACE !

By Virein E. JorNnson, Jr.

SUMMARY

The linearized theory for infinite depth is applied
to the design of two new low-drag supercavitating
hydrofoils. The linearized solution for the charac-
teristics of supercavitating hydrofoils operating at
zero cavitation number at finite depth is also accom-
plished. The effects of camber determined from the
linear theory are combined with the exact nonlinear
flat-plate solution to produce nonlinear expressions
for the characteristics of arbitrary sections. The re-
sulting theoretical expressions are corrected for
aspect ratio by conventional aeronautical methods.

An  experimental investigation was made in
Langley tank no. 2 of two aspect-ratio-1 hydrofoils,
one with a flat surface and one with a cambered
lower surface. A zero cavitation number was ob-
tained in the tank by operating the hydrofoils near
the free water surface so that their upper surfaces
were completely ventilated. Some data were also
obtained on these sections at finite cavitation num-
bers. For the condition of zero cawtation number
the theoretical expressions developed are compared
with the results of the present experimental investiga-
tion and with experimental results from other sources.
Agreement between theory and experiment is found
to be good for the lift coefficient, drag coefficient,
center of pressure, and location of the upper cavity
streamline provided the magnitude of camber is not
excessive.

The theory is used to compare the maximum
lift-drag ratios obtainable from various cambered
sections of approximately equal strength. The
analysis reveals that the maximum lift-drag ratio is
not greatly dependent on the type of camber and that
for operation at depths greater than about 1 chord,
a lift-drag ratio of about 10 is close to the maximum

value that can be attained on a single hydrofoil sup-
ported by one strut and operating at speeds in excess
of 80 knots at zero cavitation number.

INTRODUCTION

The desirability of using an auxiliary lifting
surface such as a hydro-ski for reducing seaplane
hull loads and for improving rough-water per-
formance has been established. It is possible that
hydrofoils with higher aspect ratio and thus higher
efficiencies could be superior to the hydro-ski;
however, only the low-aspect-ratio planing hydro-
ski has so far been successfully applied as landing
gear to modern high-speed aircraft because the
conventional hydrofoil presents problems not ex-
perienced by a hydro-ski.

As a hydrofoil nears the free surface (during a
take-off run) the low-pressure side of the hydro-
foil almost always becomes ventilated from the
atmosphere. This phenomenon results in a severe
and usually abrupt loss in lift and a reduction in
the lift-drag ratio. For conventional airfoil sec-
tions the loss in lift may exceed 75 percent. The
speed at the inception of ventilation depends on
the angle of attack and depth of submersion;
however, except for very small angles of attack
and relatively low take-off speeds, the inception
speed is usually well below the take-off speed of
the aircraft.

Even if the ventilation problem is overcome by
using small angles of attack and incorporating
“fences” or other devices for suppressing ventila-
tion, the onset of cavitation presents a second
deterrent to the use of conventional hydrofoils
at high speeds. The loss in lift accompanying
cavitation of conventional airfoil sections is not

1 Supersedes declassified NACA Research Memorandum L57G11a and NACA Research Memorandum L57116 by Virgil E, Johnson, Jr., 1957,
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abrupt, but the ultimate reduction in lift and
lift-drag ratio is comparable to that of ventilated
flow. Even thin airfoil sections of small design
lift coeflicient start to cavitate and experience
poor lift-drag ratios at speeds in excess of about
80 knots.

Since the take-off speed of supersonic aircraft
may be in the range of 150 to 200 knots, lifting
surfaces with cavitating or ventilating character-
istics superior to those of conventional airfoil
sections are desirable. Fortunately, the theoretical
work of Tulin and Burkart (ref. 1) has shown that
superior configurations do exist and they have
selected a cambered configuration for operation
in cavitating or ventilated flow which has a two-
dimensional lift-drag ratio at its design angle of
attack and zero cavitation number that is about
six times that of a flat plate. If such a cambered
foil can be induced to ventilate at very low speeds
while the aircraft hull still supports most of the
load, a stable and efficient take-off may be possible.
This new philosophy is to design for operation
with a cavity; whereas in the past the philosophy
has been to try to avoid cavitation and ventilation.

The present paper is concerned with some
theoretical and experimental work on super-
cavitating hydrofoils which has been carried out
during the last few years by the Langley Research
Center. Some of the theoretical work concerns
the development of supercavitating sections which
produce higher lift-drag ratios than the Tulin-
Burkart section of reference 1. However, the
principal purpose of the investigation has been to
determine the characteristics of practical super-
cavitating hydrofoils; thus, the effects of aspect
ratio, depth of submersion, and hydrofoil thickness
are subjects of particular interest. The theoretical
discussion makes frequent use of the linearized
theory for cavitating flows developed in reference
1 and extends this theory to include the problem
of hydrofoils which operate in a ventilated condi-
tion near the free surface. Conventional aero-
nautical corrections for finite span are employed.
The theoretical results obtained are compared with
a variety of experimental data obtained in the
towing tanks of the Langley Research Center.

SYMBOLS
A aspect ratio
An Ay coefficients of sine-series expansion

of vorticity distribution on equiv-

Ao' :Ao‘— 24
An.h, AO,h

Cop
Cy

Cr

Cra

alent airfoil section; that is,
] .
Qx)=2V( A, cot §+A1 in @

+A,sin20...A4,sin nﬂ)

where
_2("dy
An———;J; ﬁ cos nide

1(*di ,
AOZ—; . ﬁdO—l—a:a-l—Ao

coefficients of sine-series expansion
of vorticity distribution on hydro-
foil section

distance in chords from equivalent
airfoil leading edge to center of
pressure

coefficients of cosine-series expansion
defining location of image vortex
in airfoil plane using Z:—x/?
transformation

parameter defining location of spray
at infinity in ¢-plane (see ref. 2)

. D
total drag coefficient, 75

skin-friction drag coefficient, Dy

qS
total lift coefficient, L
qaS

total lift coefficient of equivalent

airfoil section, .é
qS
lift coeflicient exclusive of cross-

flow, Ly

qS
crossflow lift coefficient, qL—é
two-dimensional lift coefficient at
infinite depth for a=0
pitching-moment coefficient (about

. M
leading edge), 756

pitching-moment coefficient (about
leading edge), excluding crossflow

pitching-moment coeflicient of equiv-
alent airfoil section (about leading

M
dge), ==
edge) 256
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Om .3

Cn

CN,I

C,,Cy

third-moment coeflicient of equiva-
lent airfoil section (see ref. 1), %
c

resultant-force coefficient on arbi-
. F
trary section, q—S

resultant-force coefficient of flat

F,

qS

coeflicients of sine-series expansion
of vorticity distribution on equiva-
lent airfoil section at arbitrary
depth using Z= —‘/? transforma-

tion

plate,

pressure coefficien

chord, ft

total drag force, 1b

drag force due to skin friction, lb

leading-edge depth of submersion,
ft unless otherwise specified

Jones’ edge correction, ratio of hy-
drofoil semiperimeter to span

resultant force, b

resultant force on flat plate, 1b

distance from hydrofoil leading edge
to stagnation point in chords

acceleration due to gravity, ft/sec?

arbitrary parameter

total lift force, lb

lift force exclusive of crossflow,
L—L,1b

lift force due to crossflow, 1b

perpendicular distance from hydro-
foil reference line to upper cavity
streamline, ft

moment about leading edge, ft-1b

third moment about leading edge,

2 f ' p@FE, 1t-1b
0

ratio of lift coefficient to angle of
attack, Cr/a

integers

pressure, Ib/sq ft

pressure within cavity, Ib/sq ft

pressure at mean depth of hydrofoil,
Ib/sq ft

fluid vapor pressure, lb/sq ft

t, PP
q

. 1
free-stream dynamic pressure,ipVZ,

Ib/sq ft

R

~ %y

wCIl. c

xcp, 1

<

(271

o)

cavity-ordinate-——aspect-ratio correc-
tion factor

area, sq ft

span, ft

arbitrary parameter (see eqs. (114)
and (115)); also thickness, ft

perturbation velocity in X-direction,
fps

speed of advance, fps

perturbation velocity in Y-direction,
fps

velocity induced by image vortex,
fps

coordinate axes

complex plane, 47y

distance from leading edge along X-
axis, ft '

distance from leading edge to center
of pressure of hydrofoil, ft

distance from leading edge to center
of pressure of hydrofoil due to
crossflow, ft

distance from leading edge to center
of pressure of hydrofoil excluding
crossflow, ft

distance along Y-axis, ft

geometric angle of attack, radians
unless otherwise specified

angle-of-attack increase due to cam-
ber, radians unless otherwise spec-
ified

induced angle of attack, radians un-
less otherwise specified

angle between hydrofoil chord line
and reference line, positive when
measured clockwise from the ref-
erence line, radians unless other-
wise specified

angle of attack measured from hy-
drofoil chord line, o’=a+a,, ra-
dians unless otherwise specified

circulation strength of single vortex,
ft?/sec

circulation strength of single vortex
due to camber, ft*/sec

circulation strength of single image
vortex, ft*/sec

central angle subtending chord of
circular-arc hydrofoil, radians

spray thickness at infinite distance
downstream, {t
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€ deviation of resultant-force vector
from normal to hydrofoil reference
line, radians

¢ complex airfoil plane, 9, plane

] ordinate in the { plane
6 parameter defining distance along
 p s - C
airfoil chord, ¥=3 (1—cos 89)
.. lb-sec?
mass density, T
£ abscissa in the { plane
a cavitation number, PP
gy cavitation number at inception
T correction factor for variation from
elliptical plan form
¢ angle between spray and horizontal,
radians unless otherwise specified
v angle between X-axis and line joining
image vortex with a point on
equivalent airfoil, radians unless
otherwise specified
Q vorticity, ft¥/sec
() indicates “function of,” for example,

Cy(a)=Cy sla+a)

C . .
B=tan™! C’TD=a+ ¢, radians unless otherwise
L

specified
Subsecripts:
e effective
0 zero depth of submersion
1 total
© infinite depth of submersion
cp center of pressure
A, due to A,

Barred symbols refer to equivalent airfoil sec-
tion and unbarred symbols refer to the super-
cavitating hydrofoil section.

DESCRIPTION OF SUPERCAVITATING
FLOW

The dimensionless number defining cavity flow
po"pc
q

is o= where p, is the pressure at the mean
depth; p,, the pressure within the cavity; and g,
the dynamic pressure. The magnitude of o for
the condition at which cavitation is incipient is
denoted by the particular value ¢,  If ¢ is reduced
to values less than ¢, cavitation becomes more
severe; that is, the cavitation zone extends over

a larger area. When a hydrofoil operates at suf-
ficiently low values of ¢, the cavity formed may
completely enclose the upper or suction surface
and extend several chords downstream as shown
in figure 1(a). The reentrant flow formed at the
rear of the cavity is caused by the necessity for
constant pressure along the cavity streamline.
When the cavity is sufficiently long so that the
reentrant flow is dissipated without impinging on
the body creating the cavity (as shown in fig.
1(a)), the flow is defined as supercavitating.
Theoretically, if the cavitation number is reduced
to zero, the cavity formed will extend to infinity.

Low values of cavitation number, and thus
supercavitating flow, may be obtained by either
increasing the velocity or cavity pressure or both.
At a constant depth and water temperature, o
for normal vapor-filled cavities is dependent only
on the velocity since p,—p, is then p,—p, and is
constant.

If part or all the boundary layer of a configura-
tion is separated, the eddying fluid in the sepa-
rated region can be replaced by a continuous flow
of a lighter fluid such as air. (See refs. 3 and 4.)
Regulation of the amount of air supplied will
control the cavity pressure and thus the length
of the cavity formed. If the quantity of air sup-
plied is very large, the cavity pressure will approach
the ambient pressure p, and a very long cavity
will result even at low stream velocities.

The ventilation of a surface-piercing hydrofoil
therefore results in a supercavitating flow because
of large quantities of air being supplied from the
atmosphere to separated flow on the suction
surface of the hydrofoil. Supercavitating flow
as a result of ventilation also occurs when a
nonsurface-piercing hydrofoil of moderate aspect
ratio operates near the free surface. (See fig.
1(b).) As pointed out in reference 5, air is
entrained in the trailing vortices and is drawn
to the suction side of the hydrofoil so that a long
trailing cavity completely encloses the hydrofoil
upper surface and extends far downstream. The
ventilated type of cavity described in reference 5
differs in shape from those formed in deeply
submerged flow because of the proximity of the
free surface. Ventilated flow near the free surface
is similar to planing, the spray forming the upper
surface of the cavity. Since the cavity pressure
is approximately the same as the ambient pressure
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(a) Supercavitating flow at finite cavitation number.
o >0.
(b) Supercavitating or ventilated flow near the free
surface. o=0.

Ficure 1.—Definition sketch.

(at small depths of submersion), the cavitation
number for this type of flow is nearly zero. The
present paper is principally concerned with the
theoretical predictions of the characteristics of
practical hydrofoils operating in the ventilated or
zero-cavitation-number flow condition.

THEORETICAL INVESTIGATION
FORCES AND MOMENTS

TWO-DIMENSIONAL THEORY

Flat plate; infinite depth.—The characteristics
of a two-dimensional inclined flat plate in an
infinite fluid, operating at zero cavitation number,
have been obtained by Kirchoff and Rayleigh.
(See ref. 6). The resultant force on the plate is
given by the well-known equation

27 sin «
Cr./= 4+ sin @ )

Flat plate; finite depth.—Similar work was per-
formed by A. E. Green (refs. 2 and 7) which
included the effect of the free surface but neglected
gravity. The solution is necessarily obtained in
terms of the spray thickness & rather than the
more useful depth of submersion and is given
as two parametric equations in terms of the
parameter b

Cr=Cy,s cos a=2(b \/b2 2 sin « ¢os o
(2a)
5_b—cos a
¢ K (2b)

where

K=(b—+b2—1) sin «

1 b—1
+7—r [2 cos a+ (b cos a—1) log, m:l

This result is plotted as the variation of Cp/a or
m with é/c for various angles of attack in figure 2.

Although gravity is neglected in Green’s solu-
tion, the forces on the plate can still be obtained
in terms of 8/¢ from equation (2) if the Froude
number V?%/gc is large. On the other hand, the
relationship between the spray thickness and the
actual leading-edge depth of submersion cannot be
determined from Green’s two-dimensional analy-
sis. However, in the practical case, at small
angles of attack the depth of submersion and spray
thickness may be taken as identical even at rela-
tively shallow depths. From figure 2 it may be
seen that, for depths greater than about 1 chord,
the depth and spray thickness may be consider-
ably different without affecting the value of m.
Thus, at depths greater than about 1 chord, the
assumption thatd/c=3d/c is adequate to determine
the forces. However, at large angles of attack and
shallow depths, a better relationship is needed be-
tween d/ec and §/c if adequate accuracy is to be
maintained. No theoretical solution for the
relationship has been obtained. However, in
order to give an idea of the relationship between
these variables, experimentally obtained lines of
constant d/c for an aspect-ratio-1 flat plate are
shown in figure 2. Experience has shown that
these lines are sufficiently accurate for determining
the value of m for moderate aspect ratios. The
lines of constant d/e¢ were faired to a value of
a=90° obtained from the equation

6 d, f

PP 3)
where f/c is the dimensionless distance from the
leading edge to the stagnation point for the con-

dition of «a=90°. The distance f/¢ can be ob-
tained from Green’s work and is for a=90°

1 log,
f++g

¢ w(b— VB—1)+log. ;7

)

where b has been previously defined for equation
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Fi1gure 2.—Green’s solution for the lift-curve slope of a two-dimensional flat plate (wnh approximate lines of constant E)'

(2). Equation (3) is based on the assumption
that the stagnation streamline for the condition
a=90° is parallel to the undisturbed water surface.

Linearized solution for cambered sections at
infinite depth.—The case of cambered surfaces at
infinite depth can theoretically be analyzed in
two dimensions by the method of Levi-Civita
(ref. 7). However, like many conformal mapping
problems the method is very difficult to apply to
a particular configuration and only a few specific
solutions have been obtained. Among these is
the work of Rosenhead (ref. 8) and that of Wu
(ref. 9). Although the solution of Wu is applica-
ble in principle to arbitrary sections, it has been
carried out only for the circular arc. A particular
advantage of Wu’s solution is that it includes the
effects of nonzero cavitation number.

The most useful treatment of cambered surfaces
is the linearized theory of Tulin and Burkart (ref.
1) which is readily applicable to any surlace con-
figuration (with positive lower surface pressures)
as long as the angle of attack and camber are small.
The principal results of this linearized theory are
summarized as follows:

The supercavitating hydrofoil problem in the
Z-plane is transformed into an airfoil problem in

the Z-plane by the relationship Z— —1/7. If prop-
erties of the equivalent airfoil are denoted with
barred symbols and those of the hydrofoil, with
unbarred symbols, the following relationships are
derived:

I @)= @) 5)
W(E) =) (6)
=T} (vt =% ™)
l =, = An\?
Obzgr («L2:§ (Ao‘*‘?) (8)

Om_—_-(jm, 32% (5Ao+7A1— 7A2+ 3A3_%> (9)

The coefficients A, are the thin-airfoil coefficients
in the sine-series expansion of the airfoil vorticity
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distribution
(z) =2V(A0 cot 9433 A,sinng)  (10n)
n=1
where

5=%E(1—coso) 0= 0= ) (10b)
The A coefficients can be found for a given con-
figuration from the following equations:

__l(rdy
Ao— TJ:) di d0+a

=Ay +a (11a)
A,= f d_ cos nd db (11b)

The first term in equation (10a), that is, the A4,
term, represents the vorticity due to incidence with
the stream and the second term represents that
due to camber. The coefficient A, may be sepa-
rated into two parts 4,” and « as shown in equa-
tion (11a). The term A4, is the value of the inte-
gral expression involving the local slope of the
hydrofoil when its reference axis is at an angle of
attack of 0°. The usual reference axis of an airfoil
section is the chord line or line joining the leading
edge and trailing edge; however, any line passing
through the leading edge may be used as the refer-
ence axis. A more convenient reference axis (for
the purpose of this report) is the line which makes
the integral expression A4, in equation (11a) zero.
When this particular axis is used, the total coeffi-
cient A, is then simply the angle of attack «, and
when a is zero, 4, 1s zero and all the lift is produced
by the camber.

When A, is set equal to zero, the hydrofoil lift-
drag ratio for a given lift coefficient is obtained
from equations (7) and (8) as follows:

AN\?
o (4=5) ,

Cr ﬁ 20,

=4 (1 54, 2C'L (12)
Obviously, for maximum lift-drag ratio, — A4./4,

must be as large as possible. However, if the
586118—61—2

assumed condition that a cavity exists only on
the upper surface is to be real, the vorticity dis-
tribution given by equation (10) must be positive
in the interval 0 <6 <=, that is, the pressure on
the hydrofoil lower surface must be positive over
the entire chord; otherwise, a cavity will exist on
the lower surface. Thus, for maximum hydrofoil
lift-drag ratio, — A,/A; must be as large as possible
and still satisfy the condition that
Q(i)=2VZIA,L sinng=0 (0=6=w) (13)
=

Tulin-Burkart section: With the stipulation
that the vorticity distribution is defined by only
two terms in equation (13), reference 1 finds the
optimum relationship between 4; and A4, as

—g—z=%- This relationship results in a hydrofoil
1

configuration given by the equation

y_ifz, 8N (z)“’]
c 2 [c+3<c> 4 c (14)
From equation (7) the design lift coeflicient (that

is, for @=0) for this section is

57!' A1
8

Cpo= (15)
and the lift-drag ratio for this condition as ob-
tained from equation (12) is

L 25 =

D420, (16)

Since #/2C;, represents the lift-drag ratio of a flat
plate, the configuration given by equation (14)
has a lift-drag ratio 25/4 times as great as that of
the flat plate. When the hydrofoil given in equa-
tion (14) is operated at an angle of attack, the
lift-drag ratio becomes

2

L a+_' OL,d
T

= (17)
D 4 o 2

a+57l' L,d
Inreference 1 it is pointed out that shapes superior
to the one given by equation (14) are possible.
Two such superior shapes are derived in the fol-
lowing sections.

Three-term section: When the vorticity
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distribution is defined by three terms, equation
(13) becomes

Q(%) =2V (4 sin 64 A; sin 26+ A3 sin 36) 2 0 (18)

The solution of equation (18) is obtained in the
following manner. Let

A

do— ’—':(1—? (l 9)
_4;

4, (@0)

Equation (12) shows that maximum lift-drag
ratio for a given lift coeflicient is obtained by
making the ratio —A,/A, as large as possible.
The problem is now to find a; and a; so that a,
is a maximum and

sin 8 —a, sin 260+a; sin 36=0 0=637) (21)

Substituting trigonometric identities for the
functions of the multiples of 8, equation (21) may
be written as

1—2a, cos 0+3a;—4a; sin’6=0 (22)
The minimum of equation (22) occurs when

1 @2

0=cos™ 40,3

Substituting this value of 8 into equation (22)
gives

2a
2 +3a3 4q, (1 Toaz ) 0 (23)
or
—da2—a?20="h (h=0) (24)
Therefore,
A= :*:44(13_40/32_’@ (25)
and the term under the radical has a maximum at
1
a/3=§' Thus,

ay=£~v1—h (26)

and the maximum possible value of @, is 1 which

occurs when h=0 and a3=l-

3 Since these values

are obtained by considering the minimum value
of the vorticity or pressure on the airfoil, the

condition Q(Z) =0 is satisfied for all values of ¢
(0<6<w). Thus the solution for the vorticity
distribution for the three-term section is

Q@)=2VA, (sin 6—sin 20-{——;— sin 30) (27

The airfoil slope which has the vorticity distri-
bution given by equation (27) is obtained from
reference 10 and is given as follows:

%=A1 (cos 6—cos 20+%— cos 30) (28)

When trigonometric identities are substituted for
the functions of the multiples of 8, equation (28)
becomes

-—-— 1 (2 cos®9—2 coszo—% cos 0—{—1) (29)

and since cos §=1—2 —;—
dy = 5 TV
7\ 1 T
(122 (12 2] o)

The slope of the equivalent hydrofoil as obtained
in reference 1 is given as follows:

Y (=2 (2) (31)

Equation (31) states that the slope of the hy-
drofoil can be obtained from equation (30) by

replacing 7 with vz.
Thus, since 2=+,

-a[s ()2
o] o

Integrating from 0 to z and dividing both sides by
¢ gives the desired nondimensional hydrofoil shape;
that is,

Q- ()]

By using equation (7), the lift coefficient of this
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hydrofoil becomes

34
=5 («+25) (34)
or for =0, the design lift coefficient is
Cr.=20 (35)

The following drag coefficient may be obtained by
using equation (8):

2
Op=g (a-{—%)

2
=7 (at 22 ‘) (36)
For a=0, the lift-drag ratio is
L T
E——9 30, (37)

This value is nine times as large as that for a flat
plate and 1.44 times as large as the value for the
. L 25 =
hydrofoil of reference 1 where D=4 30, The
following lift-drag ratio may be obtained for finite
angles of attack by dividing equation (34) by

equation (36)

a+g Cra
D m

Five-term section: Another hydrofoil section
which theoretically has lower drag than either of
the previously discussed profiles can be obtained
by assigning five terms to equation (13) and finding
the coefficients in the resulting equation; that is,

H

(38)

Q)=2V(A, sin §+ A, sin 20+ A; sin 36
' + A, sin 40+ A; sin 56)  (39)

so that 2(x) 20 and —A4,/4, is a maximum.

First attempts at a solution were made on a
Fourier synthesizer. The synthesizer is an elec-
tronic device which is capable of generating 80
harmonics of a Fourier series and recording the
summation of these components over any desired
interval. The amplitude and phase angle of each

harmonic generator is controllable. By using
only the first five components and zero phase
angle, it was discovered that a solution with
—Ay/A, roughly equal to 1.6 was apparently
possible. Unfortunately, the sensitivity of the
equipment was not sufficient to assure positive
values of the summation of components near the
leading edge. However, the synthesizer result
was encouraging, since it showed that there was
a considerable advantage to using five terms, and
revealed some of the characteristics of the solution;
for example, the algebraic sign and relative magni-
tude of each term. The most helpful method for
obtaining the best results was that used in ob-
taining the three-term solution. This was to find
first the minimums of equation (39) in terms of
the coeflicients. The term —A,/A, was then
assigned a value and the other coeflicients were
determined analytically so that three of these
control points (possible minimums) were zero and
the values of the others were examined. By
varying the value of —A4,/4, and the choice of
control points, a solution was obtained. The
method is one of trial and error and, since the
process is somewhat lengthy, the details are
omitted. The best solution obtained was

QF) =2V A, (sin 0——% sin 28

+3 sin 39— sin 49+ sin 50)  (40)

3 3 3

In the course of deriving the solution it was
proven that the value of —A,/4, must be less
than 4/2. Since in the solution given by equation
(40) the term — A,/A4, has a value of 4/3 (very
close to the established maximum), further efforts
to find a better solution were not considered to
be worthwhile.

By following the method used for the three-
term solution, the shape of the hydrofoil corre-
sponding to equation (40) is obtained as follows:

30-’ 315[210( ) 2240( ) +12600< )
—30,912 (f) +35,840 (-f) —15,360 (E)m]

(41)

If equation (7) is used, the lift coefficient of
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this hydrofoil may be given as

=5 (a+74) (42)

or for =0 the design lift coefficient is

57(’A1
6

OL,d= (43)

The following drag coefficient is obtained by using
equation (8):

and for a=0 the lift-drag ratio is

L 100 =

D=9 30, (45)

This lift-drag ratio is about 11 tiines as large as
the value for a flat plate and nearly twice as effi-
cient as the configuration of reference 1.

For finite angles of attack, the lift-drag ratio is
given by the following equation:

‘1+§ OL,d
R . (46)

3 2
<a+57r CL,d)

Circular-arc section: Because of the geometrical
simplicity of the circular-arc profile, it is desirable
to include its characteristics so that the circular
arc may be compared with the other low drag
sections. If the central angle subtending the
chord is denoted as v and the chord line is used
as the reference axis, the coefficients for the
circular arc determined from the linearized the-
ory are:

St~

A0’=—% (471)
A1=% (47b)
Azz—g (47¢)
A,=0  (n>2) (47d)

For the reference axis used, A, is negative;
therefore, positive lower surface pressures cannot
possibly be realized near the leading edge unless

the angle of attack is increased at least to the
point where a-—g:O. Because A,=0 for n>2
and A; sin 64 A4, sin 26 is everywhere positive in

the interval 0<6<w, the condition a—g-zo is

sufficient to specify positive pressures over the
entire chord of the hydrofoil. A convenient way
of treating the circular-arc section to make it
comparable to the other low drag sections is to

reorient its reference line an angle % above the

chord line so that for this orientation 4,"=0 and
a=0. When this new reference line is used, the
lift coefficient, of the circular-arc section is

=} a+1% 7) (48)

or for a=0 the design lift coefficient is

Ir
CL,d_:.);é Y (49)
The following drag coefficient is obtained by using

equations (8) and (47)

o= (at T =3 (wt g Cu)  (50)

and for a==0 the lift-drag ratio is

L 8 =«

D16 20, 1)

This lift-drag ratio is about 5 times as large as
the value for a flat plate and almost as great as
the Tulin-Burkart section. For finite angles of
attack

a_}_% OL,d
LT
- 2
D (a+§8‘ OL,d)
T

Comparison of sections.—The shape of the four
sections discussed in the preceding paragraphs are
shown for comparison in figure 3. It may be
noted that the Tulin-Burkart and circular-arc
sections are very similar. Also it should be noted
that the location of maximum camber moves
progressively rearward with increasing magnitude
of the parameter — A4,/A4,.

Pressure distribution: From equations (6) and
(10) and the linearized Bernoulli equation, it can
be shown that the pressure distribution over the

t~

(52)
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.4 e
| [ Three term-_
v e Five term----_ | <]
c ° - \
C,a o_é% = = T
Tulin-Burkart -~ >
Circulor arc--
| plor are-"" [

-2 |
(0] A .2 3 4 5 6 7 .8 ° 1.0
x/c

Ficure 3.—Lower-surface profile of four low-drag super-
cavitating hydrofoil sections. a=0°; infinite depth.

hydrofoil chord is for 4,’=0
P—Po 0, <& .
C0,=2=Po9 (ot 243 4, s1nn0) (53)
q 2 =
or, when the two components are separated into

the contributions of angle of attack C,. and
camber C, ,

Cra 0
and
C,. =24, Z s1n né (55)

In equations (54) and (55) the location on the
hydrofoil corresponding to a given value of 6 can
be found from the relationship

(1—cos 6)2

0[&
m»—‘

»\ 2
since %=(~§> - For a given hydrofoil A, defines a

particular value of the hydrofoil lift coefficient at
a=0; that 1s, the design lift coefficient Cp , as
given by equations (15), (35), (43), and (49).
Therefore, with the aid of these equations,
equation (55) can also be written in terms of
OL.d as

C,.
BT

sin nf (56)

Thus the total-pressure distribution on the hydro-
foils can be obtained from

C

€=z at g2 0, (57)

Equations (55) and (57) are plotted in figure 4 for
the four hydrofoils under consideration. It is
apparent in figure 4(a) that the location of the
maximum pressure moves aft with an increase in
magnitude of —A;/A;. It may also be seen that
the adverse pressure gradient to the left of the

3.0 T l : . —
(0) - Five term-—-—--.._ree ferrn)\/ \
2.0 - - 1 1 it S N
_CL e _-Tulln-Burkur1~-.>/¢_§\
%0 10} — |
{y/ A Gircular arc .- \
¢} |
6.0 \
40 _
G AN
- 20 N~
> S
(b) \\_\r\\
0 | 2 3 4 5 6 7 8 9 10
X
T

(a) Contribution due to camber.
(b) Contribution due to angle of attack.

Ficure 4.—Pressure distribution on four low-drag super-
cavitating hydrofoils. «=0°; infinite depth;

C C
(Cour =g Craat-2e

pressure maximum also increases as —.A,/A,in-
creases. Thus, the five-term hydrofoil is more
susceptible to boundary-layer separation than the
other two hydrofoils. 1If such separation occurs,
the pressure distribution shown will be considera-
bly altered. 'This condition, of course, also applies
to the other three sections but to a lesser degree.

The small pressure “humps’” near the leading
edge of the three- and five-term hydrofoils are
peculiar to the solutions found but could be elim-
inated by proper adjustment of the coeflicients.
However, the existence of these “humps’’ is prob-
ably not important in a practical configuration.

Lift-drag ratio: The lift-drag ratios given by
equations (17), (38), (46), and (52) are compared

in figure 5. The relationship %=§% for a flat plate
L

is also included. The great improvement over
the L/D of a flat plate offered by positively cam-
bering the lower surface and operating at the
design angle of attack is most encouraging. How-
ever, a comparison at what amounts to a fictional
design angle of attack is not justified. From a
structural standpoint, hydrofoils with the thick-
ness required for strength must be operated at
positive angles of attack in order for the cavity to
form from the leading edge. Operation at positive
angles of attack reduces the lift-drag ratio as
shown by the dashed lines in figure 5. Thus the
maximum lift-drag ratio for any section depends on
the minimum angle at which it can be operated
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_____ - CL,d =2

100 —_— GL,d =4

60

o~

40 -

20

Ficure 5.—Lift-drag ratios for low-drag hydrofoils calcu-
lated from two-dimensional linearized theory.

with a cavity from the leading edge. A meaning-
ful comparison of the hydrofoil sections just dis-
cussed is not possible unless the influence of the
upper surface of the hydrofoil is also included for
it is this surface which controls the max‘mum lift-
drag ratio of the section. If infinite speed and
thus zero cavitation number are assumed, it is
clear that, if any portion of the upper surface
becomes wetted, the lift will decrease and the drag
increase. Thus, a knowledge of the profile of the
given hydrofoil upper surface combined with the
location of the upper cavity streamline at various
angles of attack will permit the prediction of the
angle of attack at which the maximum lift-drag
ratio will occur. Only on the basis of maximum
lift-drag ratio can the best supercavitating hydro-
foil be selected. A comparison of the various
sections based on calculated cavity streamline
locations and hydrofoil thickness is presented
subsequently.

The practical use of the formulas presented in
the preceding discussion is also limited by the
assumptions made in their derivation. The re-
strictions imposed by the assumptions of the lin-
earized theory prevent its use in the calculation of
the characteristics of hydrofoils suitable for use
as aircraft landing gear. Here, because of the
high loads on necessarily thin hydrofoils, the as-
pect ratio may have to be as low as 1 or 2. Also
the hydrofoil must operate near the free water
surface and in some instances at large angles of
attack. Thus, the effects of these variables on the
characteristics of supercavitating hydrofoils (par-
ticularly of cambered sections) is needed. Much
of this information can be obtained by additional

application of the linearized theory combined
with certain modifications to the two-dimensional
theory discussed in preceding paragraphs.

MODIFICATIONS OF INFINITE DEPTH THEORY

Nonlinear equation for lift at infinite depth.—
If «a=0 refers to the reference line which makes
Ay =0, then equation (7) may be written as

A
Co=% (a+A,—72)=?25 (o) (58)

where o, is the effective increase in angle of attack

2

due to camber Al——%- Thus, the solution for

cambered hydrofoils is merely the flat-plate
iy
3

This is exactly analogous to the influence of cam-
ber on airfoils in an infinite fluid where there is
an effective increase in angle of attack due to the
camber. By carrying this procedure further and
by applying it to the resultant force rather than
to the lift, the nonlinear solution of Rayleigh (sec
eq. (1)) becomes applicable to arbitrary configu-
rations simply by replacing & by a+a.; that is,

linearized solution 5 @ with « replaced by a-+a..

__ 2rxsin (ata,)
Cn ™ Frsin (atay) (59)
The 1ift will then be
2 sin (a+a,)
Co “4+wsin (ata,) cos B (60)

In equation (60) B=a-te¢, where e denotes the
deviation of the resultant-force vector from the
normal to the hydrofoil reference line. For large
values of a, € is small compared with « and cos 8
~cos @. When « is very small, e is & maximum
and will almost always be less than about 3° for
which the cosine is very nearly 1 or cos{a+e¢) =
cosa=1. Therefore, cos 8in equation (60) may be
replaced by cos a with little loss in accuracy and
a great gain in simplicity. Equation (60) then
becomes
_ 2rsin (ata.)

(o~ 4+wsin (ata,)

cos o (61)

For a circular-arc hydrofoil of central angle v,

it has been shown in equation (48) that a"zi% .

It has also been shown that for the circular arc
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the reference line must be chosen at an angle
—~/8 to the chord line so that Ay=0. The

result obtained by substituting a‘=19_6 v into equa-

tion (61) is compared in figure 6 with the linear
solution of Tulin and Burkart (eq. (58)) and the
nonlinear solution of Wu (ref. 9) for two circular-
arc profiles. The agreement of equation (61)
with the more exact solution of Wu is good over
the entire range of angle of attack from 0° to 90°.
Similar agreement is expected for any configuration
of small camber.

The successful modification of the Rayleigh
equation to include cambered configurations leads
at once to a similar modification of the solution of
Green. (See ref. 2.) However, in this case the
argument for replacing « by a+e«. is very weak
unless the section coeflicients which determine «,
are known as the depth varies from infinity to
zero.

Linearized solution for lift of cambered sections
at finite depth.—An examination of the linearized
expressions for the lift coefficient of arbitrary hy-
drofoils at infinite depth and at zero depth reveals
that both the lift-curve slope and the increase in
angle of attack due to camber change with depth
of submersion. At infinite depth the linearized ex-
pression for lift coefficient is given by equation
(58). At zero depth the lift coefficient must be
one-half of the fully wetted value obtained from
thin-airfoil theory as pointed out in reference 11;

N i
Central angle, 1
v, deg
.6
16 T
5 8/618//‘ TN
. AN / \
4 T I
Y
CL S $. 0= 'g
.3 — o~ 4
77/ \
9
.2 L Qe = 6 Y
————— Wu, ref. 9 \
y [ — - —— Lineor theory, ref. | \
: 27 sin (a+ag) cos a \\
C = -
4 o +0
1 1 +1ijln (l M C)I \
Y 10 20 30 40 50 60 70 80 90
a, deg

Fi1cUurRE 6. —Two-dimensional theories for the lift coeffi-
cient of a circular-arc hydrofoil at infinite depth.

that is,

OL.0=7|' (Ao,n‘l‘é%"" (62)

where A, » and A, , are the thin-airfoil coeflicients
of the section in the hydrofoil plane and are given
by the expressions

Ll ("dy
P L W iy (63a)

2 (*d
A = J; d_i/c cos 0 df (63b)

For the Tulin-Burkart section at an angle of at-
tack of 0°, these values may be determined as

AO,h=0'227A1 (64&)
Al,hz 1.151A1 (64b)

Thus, from equations (58) and (62) it is seen that,
for a flat plate at small angles, the lift coefficient
ks
2
(as given by Green, ref. 2) whereas, for the Tulin-
Burkart section (ref. 1) at an angle of attack of 0°

these values are g(1.25A1) at infinite depth and

7(0.802A4,) at zero depth. Although the flat-plate
liftt coefficient doubles in going from infinite to
zero depth, the ratio is only 1.28 for the cambered
section. The important point to note is that the
value of a, for the Tulin-Burkart section changes
from 1.25A4, to 0.802A4, as the depth changes from
infinity to zero.

It is now desirable to determine «. for finite
depths of submersion. This value may be ob-
tained by modifying the linearized theory of refer-
ence 1 to include the effects of the free water
surface.

Exact linearized solution: The effect of the free
water surface may be obtained by finding the
transformation which will map the free water sur-
face, the hydrofoil, and the cavity streamlines into
the real axis of an auxiliary or equivalent airfoil
plane denoted as { to distinguish it from the
Z-plane used at infinite depth. The transforma-
tion required is

goes from 5 « at infinite depth to wa at zero depth

=2 (s—1-1og, 1) (63)
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where d is the depth of submersion of the leading
edge, or more exactly the spray thickness 6. The
Z-plane and its transformation in the {-plane are
shown in figure 7. In the linearized theory de-
veloped in reference 1 points of corresponding per-
turbation velocities 4 and » remain constant in the
transformation; therefore, the boundary condi-
tions shown in the Z-plane are shown in the -
plane in their corresponding locations. The
potential-flow problem shown in the ¢-plane is
exactly the thin-airfoil problem. It is well-
known that the thin-airfoil problem can be
solved by distributing vortices along the chord so

that the condition 523—% V is satisfied. (See ref.

10.) The desired distribution of vorticity is Q(%)
as given in equation (10a). With @(Z) known,
%(T) and 7(Z) are known. These values of @ and
on the airfoil are exactly the same as the values of
% and » on the hydrofoil if the relationship be-
tween z and 7 satisfies the equation

r= [F—log,(1+3)] (66)
Equation (66) is obtained directly from equation

(65) by noting that {=1-+%. Dividing equation
{66) through by ¢ gives

x 1d - -
P [z—log. (1+37)] (67)
z:Z(t-log, ¢-1
3
Free water surface ~ w v=0 PFo

- !

c v=0 By
> X
LAy x —» 0 u=0 £o
(o) ViV t; ¢
n
4 70  BulBo C ) 730 Eg,,
” T
V= Q// ¢ =
(b) dx I+e

() Z-plane.
(b) ¢-plane.

Figure 7.—-Transformation of hydrofoil at finite depth
to equivalent airfoil.

When §=1, z="¢; therefore,

ISH

. m
¢ i—log, (195) (6%)

By using equations (67) and (68) the relationship

between -z—: and % may be determined for both

positive and negative values of = It can be seen

in figure 7 that negative values of % correspond

to points in front of the airfoil which in turn are
related to points on the upper-cavity streamline.

The relationship between % and % is presented in

figure 8. With the aid of figure 8 and a knowl-
edge of thin airfoil theory, the solution to the
supercavitating hydrofoil problem at finite depth
is “easily” determined. The word “easily’’ refers
to the comprehension of the solution; the actual
labor is considerably involved because of the
necessity to resort frequently to numerical
integration.

The procedure for determining the pressure
distribution and thus the forces and moments on
a hydrofoil at arbitrary depth is as follows:

(1) The shape of the hydrofoil is known as
y=y(x) and thus

dy_dy dy (E)
dz dzx (@) or dx \¢

NI

Hydrofoil, x/c

Upper cavity streamline, x/c
t > o
o T !
/

C-’I.O -8 -6 -4 -2 o .2 4 6 8 10
X/
Ficure 8-—The influence of depth of submersion on
the relationship between points in hydrofoil and
equivalent airfoil planes.
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(2) The slope of the equivalent airfoil at the
point (%) is exactly the same as the slope of the

hydrofoil % (E) when Z and Z are related as shown
z\c ¢ c

in figure 8. Thus :%l (%) is found.

(3) The vorticity distribution on the airfoil is
then obtained from equations (10) and (11).

(4) The perturbation velocity % in terms of the
vorticity Q is given by the equation

Thus the velocity % <§) is determined at every
point along the airfoil.

(5) The perturbation velocity u(—f) on the
hydrofoil is exactly the same as the velocity
u (g) if %: and gare related as shown in figure 8.
Thus, the velocity u (g) is determined.

(6) Step (5) also determines the linearized
pressure coefficient since (, is given by the
equation

or

c, (§>=AO cot S 4 A, sinms (70)

where 6 is related to %: by equation (10b) and
figure 8.

(7) With a knowledge of Op(if) the lift, drag,

and moment coefficients are determined as

1
Cr— fo Op@)df (71a)
N N EAY P
Co— L c, <E>%dc (71b)

! AN A
Om—J; Op (E)Ed—(? (710)
Approximate solution: The calculations by the

exact linearized method were rather tedious and
586118—61— 3

this method of solution was set aside when an
approximate method was discovered. The ap-
proximate method continues with the simple
transformation Z= —+/Z used in reference 1. The
advantage of the simpler transformation is that,
if the vorticity distribution in the presence of the
water surface can be determined in the Z-plane,
the simple equations (7) and (9) for the lift and
moment coefficient will still be applicable.

In figure 9 it may be seen that Z=—+/Z trans-
forms the free water surface in the hydrofoil plane,
where =0 (see fig. 9(a)), into a hyperbola in the
third quadrant of the airfoil plane (fig. 9(b)).
The boundary condition that must be satisfied on
this hyperbola is that the perturbation velocity %
be zero because, in complex veloeity problems of
the type considered here, the lines of constant
velocity are transformed and not the lines of con-
stant velocity potential or the stream function.

Y
~Water surfoce  _4=0
4 /,;Covity upper surface
! A=0
" . — X
ll\ c ." e o
Sy = V%L “~Covity lower surface
X
(a)
) Y Center of pressure
Transformed cavity
upper surface . of |oF

< T=0-. y / 7=0..

X

- \
!
Transformed .- !

water surface vg Tronsformed cavity
Xp=d/2 lower surface

(b)

(a) Hydrofoil, Z-plg_ne.
(b) Equivalent airfoil, Z-plane.

Fiecure 9.—The linearized boundary conditions in the
hydrofoil ind equivalent airfoil planes using
Z=—+/Z transformation.
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For the particular case of zero depth the hydro-
foil problem is transformed by Z=—+/Z into the
fourth quadrant of the airfoil plane. Thus, it
may be seen in figure 9(b) that the free water
surface adds the condition that w=0 along the
negative Y-axis. This additional boundary con-
dition can be satisfied (along with the other in-
finite-depth boundary conditions) by locating an
image of the_airfoil-vorticity distribution along
the negative X-axis. The direction of this vor-
ticity must be opposite to that of the airfoil in
order to make w=0 at all points along the nega-
tive Y-axis. A simpler and often used approxi-
mation is to replace the distributed image vorticity
by a single vortex, equal in strength to the airfoil
circulation, at a location equal to the distance
from the leading edge to the airfoil center of pres-
sure as shown in figure 9(b).

For finite depth of submersion, the condition
is that =0 must be satisfied at all points on the
hyperbola and on the negative X-axis. It is not
possible to satisfy these conditions with a single
vortex as was done for the case of zero depth.
However, the influence on the airfoil of the infinite
array of vortices needed to satisfy the boundary
conditions shown in figure 10 may be approxi-
mated by a single vortex of strength T in the
location shown. The adequacy of the approxima-
tion can be determined by calculating the effect
of this image vortex on the lift of a flat plate
as the depth of submersion is varied and then
comparing the result with the exaet solution of
Green. This depth effect may be determined by
concentrating the airfoil circulation at its center
of pressure and the image circulation at a point

= /9, Z 3c
”/_c_+4)‘ _ 4
= £ .~Control
4J\ 277 point
C X
52 -
c
r
———

.
Transformed __.-~
water surface

Fiaure 10.—Linearized model in 2-})1&110 for ecalculting the
effect of depth of submersion on the lift coefficient of a
flat plate. o¢=0.

2—!—'5\/% forward of the leading edge and %\/%
below the leading edge (see fig. 10) and computing
the total downwash on the flat plate at its 3c/4
point. (See ref. 12.) The method assumes that
the center of pressure of the airfoil remains
constant at /4 as the depth changes. The
resulting downwash angle a at the 3¢/4 point is
calculated to be

d
14+4/=
r 1 ‘/-c
==l 1| —— 2 — (72)
wcV 2 d 5d
142, /%482
+ J;+4c

The ratio of hydrofoil lift at finite depth to the
lift at infinite depth is

1=
C._ Cn 20 T 73)
—=t=1
CL, [ Om. ® ZOL' - I‘eo

Therefore, since I', =wcaV,

O, T _ 1
Cw Ta 7
i 1+\/é
e R
2

d, 5d
1+2\/%+zz

Equation (74) is compared in figure 11 with the
exact solution of Green (see fig. 2, a=0), and the
agreement is excellent.

The adequacy of the method used in deter-
mining the influence of free water surface proximity
on the lift of a flat plate justifies its use on
cambered hydrofoils. However, for cambered
hydrofoils the problem is more difficult because

(74)

2.00 .
——Exact solution, Green (=0)

o Calculated from equation (74)

a/c

Ficure 11.—Comparison of linearized solution with exact
solution for the effect of depth of submersion on the lift
coefficient of a flat plate. o¢=0.
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a control point such as 3¢/4 for a flat plate is not
sufficient to determine the section coeflicients
defining the complete vorticity distribution at
shallow depths. This final vorticity distribution
Q(Z) resulting from the camber and the image
vortex must be determined, particularly if a
knowledge of the pressure distribution and thus
the drag and center of pressure is desired.

In figure 12, it may be assumed that the final
vorticity distribution on the equivalent airfoil is
given by the equation

QF) =2V (00 cot %+z;; O, sinnd)  (75)

Then the induced velocity at ' due to (T) is,
from thin-airfoil theory (see ref. 11),

5=V<—00+:§1 C, cos n0> (76)

The resulting total circulation due to the vor-
ticity given by equation (75) is, from thin-airfoil
theory,

r=rv (Cotd @

Since the image vortex has a strength equal and
opposite to T, the velocity induced by I'; at an
arbitrary point z’ on the airfoil is

Bimgr— cos ¥ (78)
where
AT
a+ ;z z
cos y=—-
Y

-Center of pressure

Y

U7

FIGURE 12.—Linearized model in Z-plane for caleulating the
effect of depth of submersion on the vorticity
distribution of the equivalent airfoil section.

or
d, z'
cosy_ “TNe'T (79)
(wHer ) it
where
Cn
a =
Cs
or
Ot =S
=IO (80)
Cot

Replacing z’ by —2(5 (1—cos 8), equation (79) can be

expanded in a Fourier series as

208 Y f0)—= Bﬁ-i‘l B, cos 6 (81)
where
B | j0)ds

and
B.=2 f 1(6) cos néds
T Jo

Substituting equations (77) and (81) into equa-
tion (78) gives

V(00+ %)
(B0+Z B, cos ne) (82)
1
The equivalent airfoil slope Z—i_/ when expanded

in a cosine series is

d" ©
d—‘;/=——A0+g=_“{ A, cos nb (83)

Equating the resulting streamline slope to the
equivalent airfoil slope gives

v, D+, du
V-V &

The substitution of equations (76), (82), and (83)
into equation (84) gives

(84)

Ot

—C’o+é1 C, cos n0+< ><Bo-}-z1 B, cosng

—— A3 A, cos b (85)
n=1
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By equating coefficients of like terms, the C
coefficients are determined as

A4+ B)+AB,
Co=""4+B,— 2B, (86a)

_ 24,(2—By)—24,B
O=""4TB—25, (86b)

. (24, +A)B,
0"_A”_—4+B1~230 (86¢)

If Ay=a and A,==0 where n=1, the effect of
depth of submersion on the lift coefficient of a flat
plate can be computed from the coefficients ob-
(L
Cr o
computed by this method have been found to be
in excellent agreement with the solution of Green
for a=0.

tained from equations (86). The values of

For the particular condition of Ay=0 (the case
of hydrofoils such as the Tulin-Burkart section
at zero angle of attack) equations (86) become

By4,

00=4—‘——_+ B1—2BO (879;)
_24,(2—By)

CO={Tp —3p, (87b)
_ B,A,

The coefficients B, and B, as obtained from
equation (81) are plotted in figure 13 against the
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Fiaure 13.—The B coefficients.
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Firaure 13.—Concluded.

distance to the center of pressure e for several
depths of submersion. For the special condition
of zero depth the B coefficients for the Tulin-
Burkart section are found to be 1.296, 0.772, and
0.22 for B,, B, and B,, respectively. In making
this computation, the final center-of-pressure
location a is used; thercfore, a is first given an
assumed value, the B and C coefficients deter-
mined, then from the resulting C coefficients, ¢ is
calculated from equation (80) and the procedure
repeated if necessary. F¥or the Tulin-Burkart
section a is found to be 0.42 for d/c=0. By using
the final B coefficients the C coefficients are
determined from equations (87) as 0.5954,,
0.646A4,, and —0.61A, for (,, C;, and (,, rve-
spectively.

The lift coefficient of the Tulin-Burkart section
at zero depth may be obtained by substituting the
C coeflicients obtained in the previous paragraph
for the A coeflicients in equation (7). The ratio
of the lift coeflicient at zero depth to the Lft at
infinite depth is

Cro_ (0.595+0.646+0.305)A4,
CLo 54, -
4

124 (88)

The value 1.24 compares favorably with the more

exact value of 1.28 given previously. The results
of calculating C—(Ii— for the Tulin-Burkart section
L,

along with the other three sections being con-
sidered are plotted in figure 14.
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Ficure 14.—Influence of depth of submersion on the
lift coefficient of cambered sections operating at
the design angle of attack. «=0°.

The true linearized lift-curve slope m for finite
depths of submersion in the equation Cp,=m(a
+a.) is that shown in figure 2 for a=0. There-
fore, the effective angle of attack due to camber o,
is obtained from the following relationship:

mla=0)a, o, T Cy
T TG Orac' w 2m(a=0)Cy, . (89)
§ ac. w
Values of are plotted against d/c for the
Tulin-Burkart section and the other three sections
in figure 15,

Equation (89) is obviously limited by the lin-
earizing assumptions made in its derivation. An
important limitation is that due to the assumption
that the free surface is always horizontal and thus
8/c=djc. At small depth-chord ratios and par-
ticularly for large magnitudes of camber, the free
water surface is not horizontal and é&/c>d]e.
Thus, for small values of d/c and large magnitudes
of camber the values of «./a,,. given in figure 15

. T T T
/Circulor arc, 0o =
.9 —
N “Five term
“1Three term|
.8
O “Tuli
Oom Tulin - Burkort
7
.6
5L
Y | 2 3 4 5 6 7 8 9 10

dfe

Figure 15.—Influence of depth of submersion on the
effective angle of attack «, of cambered sections
operating at the design angle of attack. a=0°.

are probably too low.

Nonlinear equation for lift at finite depth.—
With a knowledge of the angle of attack due to
camber «, at finite depths of submersion, Green’s
solution is now modified to include camber by
treating the effective angle of attack as o+«
where «, is obtained from figure 15. This method
is exactly the method used in modifying the Ray-
leigh equation to obtain the nonlinear approxima-
tion for the lift coefficient at infinite depth.
With this assumption, the resultant-force coeffi-
cient for a cambered hydrofoil at any positive
depth of submersion is obtained in terms of the
spray thickness é/c from equations (2) as

COyla) = Cy (et o) (90)

Equation (90) states that the resultant force on a
cambered section is approximated by replacing «
in Green’s solution for a flat plate by the effective
angle of attack a+a.. It will be shown that the
resultant force will deviate only slightly from the
normal (as previously pointed out for the condition
of finite depth) and therefore the nonlinear equa-
tion for determining the lift coefficient of cambered
sections at arbitrary depth is

Op(a) = Cy,fla+tag)cos a (91)

Three-dimensional theory at finite depth.—
The preceding two-dimensional theory can now
be modified to include the effects of finite span.

Lift: The flow about a supercavitating hydro-
foil may be constructed by a suitable combination
of sources and vortices. The vortices contribute
unsymmetrical velocity components and lift; the
sources contribute symmetrical components which
provide thickness for the cavity but no lift. Since
for a finite span a system of vortices cannot end
at the tips of the foil, a system of horseshoe vortices
must be combined with the sources to describe the
flow. If the assumption is made that the influence
of finite span on the two-dimensional lift coefficient
is due to the effects of the trailing vorticity, then
the resulting effect of aspect ratio is exactly the
same as that for a fully wetted airfoil. Jones
(ref. 13) gives the lift of a fully wetted elliptical
flat plate as

ELZ% 2r(a—a;) (92)
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where E is the ratio of semiperimeter to the span
and a; is the induced angle of attack caused by the
trailing vorticity. Thus the effect of aspect ratio
is to decrease the two-dimensional lift-curve slope
by a factor 1/E and to decrease the effective angle
of attack by an increment «;. Therefore for the
finite-aspect-ratio supercavitating hydrofoil at in-
finite depth, equation (58) is modified to give

A (93)

or more generally for finite depth, equation (91)
becomes

Cox z% Cy s lat+a,—a;) cosa (94)

where for rectangular plan form of aspect ratio A4,
A+ 1
E= M nd

=% (y41) (95)

where 7is a correction for plan form. (See ref. 10.)

Another effect due to finite aspect ratio is the
concept of additional lift due to crossflow. (See
refs. 14 and 15.) This crossflow lift is assumed
to be due to the drag on the hydrofoil contributed
by the component of free-stream velocity normal
to the hydrofoil plan form. In the present case
of zero cavitation number, the crossflow drag
coefficient is the Rayleigh value, 0.88. Since this
lift is caused only by the spanwise flow (flow
around the ends of the plate), it is also modified
to account for the effect of aspect ratio by the
Jones’ edge correction 1/E. Since only the span-
wise flow is considered, E is now the ratio of the
semiperimeter to the chord. Because the flow
being considered is normal to the plate, the in-
duced angle for this flow is zero. Thus for a flat
plate, the crossflow lift (), . is

CLe A-H 0.88 sin’x cos « (96)

No experimental or theoretical information on
the crossflow lift of cambered surfaces is available
in the literature. In order to approximate this
component the following assumptions are made:

(1) The crossflow force acts normal to the

hydrofoil chord line.

(2) The effective direction of the free stream on
the plate is altered by the increase in angle of
attack due to camber «..

Thus, the crossflow lift on cambered sections is
assumed to be

Cpc~———0.88sin? (a’+a;)cosa’  (97)

A+1

where o’ =a-+a,, and ag is the inclination of the
chord line to the reference line of the section
(positive when measured clockwise from the
reference line) and «, is obtained from figure 15
for the depth of interest.

The total lift on a finite-aspect-ratio hydrofoil
operating near the free water surface is then ob-
tained by adding equation (97) to equation (94)
to give

Cule) 2 O (ato—as) cosa

7 0.88sin® (o’e) cosa’  (989)

In view of the very approximate nature of
equation (97) an examination of the effect of this
crossflow term on the total-lift coefficient is
desirable. For a Tulin-Burkart, aspect-ratio-1
section (A;=0.2) operating at d/c=0.071, the
ratio of the calculated crossflow lift ¢, . to the
calculated total lift was 0.157 at a=4° and 0.283
at «=20°. For a five-term section with A,=
0.075, an aspect ratio of 3, and dfe =0.071, the
ratio has been calculated as 0.014 at «=4° and
0.072 at «=20°. Thus any inaccuracies in the
crossflow lift as computed by equation (97) will
appreciably affect the total lift coefficient at large
angles, small aspect ratios, and large cambers.
On the other hand at higher aspect ratios and
small cambers, errors in the crossflow component
do not greatly influence the total calculated lift.

Equation (98) may be written in terms of the
slope m (given in fig. 2) as

__ cosa
cos (atoa.—ay)

0L=A—A—FT m(a+ta,—a;)

+A+1 0.88 sin? (&’ +a,) cos o’  (99)

where «, is obtained from figure 14 for the depth-
chord ratio of interest and «; is obtained from




equation (95). The ratio of cosines in the first
term is necessary because the vector m(a+ a;—ay)
is directed at an angle (a- a,—a,) from the normal
instead of the desired «. In equation (95) Cp,
is the first term from equation (99). Equation
(99) is solved by iteration and the convergence is
quite rapid. A sample calculation of the lift
coefficient is given in the appendix.

Drag: The drag coefficient of a supercavitating
hydrofoil of finite aspect ratio operating at zero
cavitation number and finite depth of submersion
is

OD= OL,]_ tan(a+e)+OL,c tan a'—|—0f (100)
where ( ; is the first term in equation (99) and e
is the deviation of the resultant-force vector from
the normal. For a flat plate e=0, «’=a, and thus
Op=0C tan a+C,. For cambered surfaces similar
to the circular-arc or Tulin-Burkart section, the
effect of € becomes very small at large angles of
attack and may be neglected; however, at small
angles of attack, the effect of e on the drag coeffi-
cient cannot be neglected. For cambered surfaces
similar to the three- and five-term sections, e is
found to have appreciable negative values at all
except very small angles of attack and thus cannot
be neglected. An approximation to the value of
¢ can be made by determining its value from the
two-dimensional linearized solution and then
modifying the result for the case of finite angles of
attack and aspect ratio. Either the rigorous or
approximate methods of obtaining the linearized
drag coefficient may be used. The approximate
solution is obtained in the following manner.

The linearized drag coefficient as given in
reference 1 is

(101)

Ve

If £ is replaced by —2—(1—cos §) and dz by

Ve

5 sin 6df, equation (101) becomes

=_f (1—cos 0) sin 0uvd0 (102)

Now » may be written in terms of the vorticity on
the equivalent airfoil operating at finite depth as

a=g=v[00 (1+c°” +Z) C, sin no] (103)

and

F=V <—Ao+ﬁl A, cos nb (104)
Therefore
CD=——f (1—cos 8) sin @ [O’o 1_:1:;0; 0

+370, sin m] (—Ao—i- S 4, cos m) o (105)

For the condition where A;=«, Cp becomes after
integrating

OD=—a(00+01 O“’)+ [9—9 4

0,
Cot- O+
+< 5 2>A2—Afz] (106)

At infinite depth (Cy=4,, C,=A4,), equation (106) reduces to the value given by Tulin-Burkart in

reference 1

)t

For Ay=a, that is, 4;=0,

ate=

C
o 3e(era- ) (6-9) (_—)__]

(107)

(108)

[

2ot
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Therefore
(G200 A+ Q0201+ 0) A= AL
s(orto-5

(109)

The value of ¢ given by equation (109) is ade-
quate only for the case of small angle of attack
and camber and depth-chord ratios larger than
about 1. At small depth-chord ratios it will be
shown subsequently that the spray angle becomes
very large even for small angles of attack. When
such a flow is transformed by Z=—2Z, the cavity
streamline and the free surface are rotated as
shown in figure 16. It is obvious from figure 16
that the boundary conditions are now different
from the simple w=0 used in the small-angle
theory. If a system of vortices could be located

“--Cavity upper

Woter surface-._ surface

X
o
(a)
Y
Transformed cavity--.
upper surface
i X
s~ =
z

Transformed water =
surface

(b)

(a) Hydrofoil, Z-plane.
(b) Equivalent airfoil, Z-plane.

=—vZ.

Ficure 16.—The hydrofoil and equivalent airfoil at large
angles of attack and small depths of submersion.

to satisly the boundary conditions along these new
lines, a solution for the resulting vorticity on the
foil could be obtained. Such a method would
involve taking a different calculated spray angle
for each depth and angle of attack in order to lo-
cate the image vortex or array of vortices. Also,
for large angles of attack and spray angles in the
linearizing assumption of <V is not adequate.
When the lift was calculated, these difficulties
were avoided by using Green’s solution which
takes the effect of the spray angle into account.
It can be seen in figure 2 that, as the angle of

Cr diminishes;
(Lo

therefore, the image vortex must have less in-
fluence on the resulting hydrofoil vorticity for
large angles of attack. An approximation to the
correct hydrofoil-vorticity distribution for finite
angles of attack operating near the free water sur-
face can be obtained by using the model shown in
figure 12, and increasing the value of d/c used so

attack increases, the ratio of

that the resulting corresponds to that

Cy
Cr.
given by Green. Thus, for large angles of attack,
camber, and finite aspect ratio an effective depth
of submersion, (d/e), should be used to determine
the coefficients in equation (109). The value of
(dfe). is the value of d/c on the @=0 line in figure 2
corresponding to the value of m=m,, where
_ O v mlata—a) «

M lha? mata—a).2 0

The value of the C coefficients are then determined
for (d/e). and Ajg=a—a;.

A sample calculation of the drag coeflicient is
given in the appendix. Experience has shown
that the value of ¢, and thus the drag coefficient,
is not greatly affected by the depth of submersion.
In fact, a rough approximation to ¢ may be ob-
tained by assuming Cy=a—a;, and C,=A4, in
equation (109).

Center of pressure: The linearized expression
for the center of pressure of a finite-aspect-ratio,
supercavitating hydrofoil operating at zero cavi-
tation number and finite depth of submersion is
from reference 1

Cy

1 500+701—702+303~— 2

C
Tepr = =T¢ o (111)
! CotCi—

where the C coefficients are determined at the
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effective depth of submersion given by equation
(110) and for Ap=a—a; Superimposed on this
flow is the crossflow component of lift which is
assumed to be distributed uniformly over the
chord and acting in a direction normal to the
chord line. Thus, the distance from the leading
edge to the center of pressure of the crossflow-
lift component z,, . is given by

Lep, . =0.5¢ (112)

This assumption, of course, is crude and accurate
only for a flat plate. For cambered surfaces the
crossflow will not be uniformly distributed and
for low-drag cambered sections such as the five-
term section the crossflow is probably concen-
trated on the rearward portion of the hydrofoil.

The center of pressure of the combined flows
may be obtained by adding the moments contrib-
uted by the two components given by equations
(111) and (112) and dividing by the total lift
as

=OL,1xc,,'1—|-0.5 OL'C ¢

Tep C. (113)

As in the case of ¢, a few calculations reveal that
a fair approximation for z,,, is obtained by using
Cy=a—a; and C,= A4, in equation (111). A sam-
ple calculation of the center-of-pressure location
is given in the appendix.

Design charts and tables.—With equation (99)
the lift coefficient has been computed for the four
sections of interest at depth-chord ratios of 0.25,
0.50, 1.00, 2.00, and 5.00 for aspect ratios of 1, 3,
and 5. These results are presented in figures 17,
18, 19, and 20 for the circular arc, Tulin-Burkart,
three-term, and five-term sections, respectively.
Flat-section data are included as the Cp ,=0 case.
Similar drag-coefficient data computed by using
equations (100) and (109) are presented in figures
21 to 24. These lift- and drag-coefficient data
are also presented in tabular form in tables I to
V along with the calculated location of the center
of pressure and other results which are considered
to be useful.
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Ficure 17.—Lift coefficient for circular-arc section including the minimum angle of attack for maximum L/D for
t/c=0.03 at x/c=0.2.
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(e) %=1.0.

Fiqurg 17.—Continued.
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Lift coefficient, C/_ .
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Ficure 18.-—Caleulated lift coefficient for Tulin-Burkart section including the minimum angle of attack for maximum
L/D for t/c=0.03 at z/c=0.2.
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Fi1gure 19.—Calculated lift coefficient for a three-term section including the minimum angle of attack for maximum
L/D for t/¢c=0.03 at z/c=0.2.
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Ficure 20.—Calculated lift coefficient for a five-term section including the minimum angle of attack for maximum L/D
for t/c=0.03 at z/c=0.2.
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Ficure 20.—Concluded.
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Ficure 21.—Calculated drag coefficient for circular-arc section including the minimum angle of attack for maximum
L/D for t/c=0.03 at z/c=0.2.
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F1oUurg 22.—Calculated drag coefficient for Tulin-Burkart section including the minimum angle of attack for maximum
L/D for t/c=0.03 at z/c=0.2.
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Fraure 23.—Calculated drag coefficient for three-term section including the minimum angle of attack for maximum L/D
for ¢/¢=0.03 at 2/c¢=0.2.
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Fiaure 24.—Calculated drag coefficient for five-term section including the minimum angle of attack for maximum L/D
for t/¢c=0.03 at z/c=0.2.
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Figure 24.—Concluded.

LOCATION OF UPPER CAVITY STREAMLINE

The desirability of operating as near the design
lift coefficient as possible is obvious from figure 5.
Therefore, information on the minimum angle at
which a hydrofoil with a finite thickness can
operate with a cavity from the leading edge is
needed. This angle can be determined by cal-
culating the location of the upper cavity stream-
line. The minimum angle at which this upper
cavity streamline clears the upper surface of a
hydrofoil of finite thickness is the angle desired.
An approximate solution for the location of the
cavity streamline is derived in the following
analysis.

TWO-DIMENSIONAL-THEORY ARBITRARY DEPTH

Green’s exact solution for flat plate.—The
equation of the upper cavity streamline for a
two-dimensional flat plate may be obtained from
the solution of Green (ref. 2) as

T 1
3 w(b—cos @) [COS a(t=1)
—(1—b cos @) loge - 1] (114)

sin o

=l—cos @) [1/?2:—1_+b log, (t++—1)
S llge 1+Vb2_wt ] (115)

where z is distance from the leading edge along the
plate, / is the perpendicular distance from the
lower surface of the plate to the cavity streamline,
8 is the spray thickness, and ¢ is an arbitrary
parameter. For a selected value of §/¢, b is known
from equation (2b). Thus, l/c for a given z/c
may be obtained by assigning appropriate values
to ¢ and using the equations

‘
5

oly
> 8
S|

(116)

O o~
(7R
S IO

and equation (115). The cavity streamline com-
puted in this manner for several angles of attack
and spray thickness to chord ratios are presented
in figure 25. The subscript 4, on (/c),, is to
indicate cavity ordinate due to angle of attack.
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Frcure 25.—Green’s solution for the cavity upper
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Ficure 25.—Continued.

It can be seen in figure 25 that for finite depths the
cavity streamline rapidly approaches a straight
line. The angle between this asymptotic line and
the plate is denoted as ¢+« and is given in

8 . ;
o, deg=20 16
7 }
¢ +a,deg = 4395
& 7 2
3587 r
5
/ | ~%6.20
@, ° - e |5
Aq 8.
3 e
/
2 4
/
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Figure 25.—Continued.
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Ficure 25.—Continued.
reference 2 as
b cos a—1
== 117
$ta b—cos a (117)

The magnitude of ¢+« is shown for each stream-
line in figure 25 and in figure 26 ¢ is plotted against
8/c for various angles of attack. In figure 25
it may be seen that the cavity ordinate varies
almost linearly with angle of attack for angles
less than about 8°. The value of (l/c)s /e or

more generally (//c)s,/Ao can be readily obtained
and is given in figure 27. The value of (//c),,/As
for infinite depth is the same as the linearized
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Figure 25.—Concluded.

result obtained in reference 1. Figure 27 shows
that the cavity ordinates at a depth of about 0.5
chord are nearly twice as great as those obtained

The linearized solution for cambered sections.—
In order to determine the cavity ordinates for a
cambered section, it is necessary to use the exact
linearized solution previously discussed in the
section entitled “Forces and Moments.” The
problem of obtaining the hydrofoil cavity ordinates
is simple in principle. All that is required is to
find the vertical-velocity perturbations #(—Z/¢)
ahead of the equivalent airfoil shown in figure 7.
The value of 7 is needed because from it the value
of » on the hydrofoil-cavity streamline can be
found. Since the linearized slope of the cavity
streamline dy/dx is »/V, the shape of the cavity is
determined.

The procedure for determining the vorticity
distribution € on the airfoil is exactly the same as
the first three steps given in the procedure for
determining the linearized solution for the forces and
moments. The value of %(z/c) can be determined
by integrating the increments of 7 induced at a
point — Z/¢ due to the distributed vorticity @ given
by equations (10) and (11). Obviously, this inte-
gration becomes very complicated, particularly

at infinite depth. if there are many terms in >_.A, sin nd. The
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F1GUrE 26.—Green’s solution for the effect of spray thickness on the spray angle of a two-dimensional flat plate.
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Figure 27.—The linearized solution for cavity ordinates
due to angle of attack.

problem can be simplified, however, by dividing
the velocity 7 into two parts 7,4, and v, where
T4, is the component contributed by the first

term A, cotg, and 7., the component contributed

by the camber terms > A, sin nf. Thus the final
nondimensional cavity ordinates /¢ will be broken
down into two components (//c)4, and (//c). such
that

(/) wiar= (Ufe) ag+{U/c)e (118)

The distance [ is measured from the reference line
of the section along a line normal to the reference
line. There are two advantages to dividing the
vorticity into its angle of attack and camber com-
ponents. First, the value of (//c)4,is known from
Green’s solution and has been given in figure 25.
The linearized version is shown in figure 27.
Thus, half the work is completed if 4, is known or
can be determined.

It is now important to review the meaning of
the coefficient A,. The angle of attack is meas-
ured from the orientation which makes A¢=0
when the depth is infinite. At this orientation
and infinite depth

1("dy
.= il VI
Ay = WL o d5=0 (119)
and for angles of attack measured from this
reference orientation Ag=a. However, if the
angle of attack is measured from this reference line
atfinite depths, it is found that the value of 4," 0.

This result means that at finite depths there is an

induced angle of attack A,” due to the camber.

The magnitude of Ay’ is directly proportional to the

slope of the hydrofoil and thus to Cr, The
’

calculated value of 2% is given in figure 28 for the
L,d

four sections of interest for a range of depth-chord
ratios. In order to obtain the value of (//c)a,, one
obtains Ay’ from figure 28 and A, is obtained by
adding «; that is, Ay=a+Ay. The value of
(l/c) 4, is then obtained from figure 25 or 27.
The second advantage obtained by dividing the
vorticity distribution into the A, and camber con-
tributions is that the 334, sin nf contribution
usually bas only small strength near the leading
edge and, as an approximation, can be concentrated
at one point. In fact, for low drag sections, it is
desirable to distribute the vorticity as near the
trailing edge as possible. Thus the velocity in-
duced at points ahead of the airfoil due to the
>7A, sin nd or camber contribution may be ap-
proximated by concentrating the entire camber
vorticity at the center of pressure @ as shown in
figure 29. Figure 29 also illustrates the system
used for computing the induced velocities forward
of the airfoil. The value of the distance to the
center of pressure in chords is given by C,/Cy or

[12
Aot M=
Q=

(120)
At

The strength of the singular vortex can be obtained

44
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Ficure 28.—The influence of depth of submersion on the
angle of attock induced by camber.
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Ficure 29.—Linearized model for calculating cavity upper
streamline at arbitrary depth.

from the equation for lift due to camber as

o V= OLC = V2=1rAlc V2
Therefore,

Ay

Te=mcV= (121)

The velocity induced at a point on the X-axis
due to T, is therefore

'Y

_ r, TV 2

The velocity 7 in front of the airfoil at a point
—I/c is exactly the same as v on the cavity stream-
line if the relationship between —%/¢ and z/c¢ given
in figure 8 is maintained. Thus »/V and therefore
the slope of the cavity streamline due to camber
(dy/dx)(z/c) is known. Integrating dy/dz from
the leading edge to a point z/c gives

O-l 8Os o

. dy/x\ v - . .
Therefore, since ZZ%(E)ZT_/’ and v=7, combining

(122)

equations (122) and (123) gives

(=%

where Z/¢ takes on negative values and the relation-
ship between —Z/¢ and z/c is found in figure 8.

(l/e)

0., can be deter-

(124)

OII&I

Since (4 is a function of A4,

mined from equation (123).

(o).

O asa funection of the depth-chord ratio is pre-
L,d

The magnitude of

sented in figure 30 for the four sections of interest.
Thus the total ordinates of the upper cavity
streamline are obtained for the two-dimensional
hydrofoil operating at zero cavitation number and
arbitrary depth by using figures 25, 28, and 30
and equation (118).

The adequacy of the assumption of concentrated
camber vorticity is shown in figure 30(b) by com-
paring the solid curve for §/c= = with the dashed
curve. The solid curve was computed from equa-
tion (124) and the dashed curve was obtained
from the coordinates given in reference 16. The
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Figure 30.—The influence of depth of submersion on the
cavity ordinates due to camber.
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Ficure 30.—Continued.
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Fiaure 30.—Concluded.

tabulated coordinates of reference 16 were com-
puted for the Tulin-Burkart section by considering
the vorticity to be distributed as given by ZA, sin
nf and performing the necessary complicated inte-
gration.

In figure 31 the theoretical two-dimensional
cavity shape for the low-drag hydrofoils operating
at infinite depth is shown for the particular value
of Cp.4=0.2. Also shown in figure 31 is the lower
surface of each design for the value of (1 ,=0.2.
An interesting point (first noted in ref. 16) is re-
vealed in figure 31. The calculated cavity shape
at the design angle of attack falls beneath the
lower surface of the configuration. This result was
not expected for these low-drag hydrofoils because
the camber was selected to have positive pressure
everywhere on the lower surface. It is believed
that the disagreement is due to the inability of the
linear theory to predict accurately the pressure
distribution when the airfoil vorticity is not in
reality distributed along the X-axis. However,
the shape of the cavity as determined from the

BE T T T T T I T TTTT] . deg
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2@ ]
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o o o i e D R o I (O O i 1,
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x/c
(a) Circular-arc section.
(b) Tulin-Burkart section.
(¢) Three-term section.
(d) Five-term section,
FiGurRE 31.—Location of cavity upper surface for low

drag supercavitating hydrofoils. Cr,4=0.2; §= w,

linear theory is much less sensitive to the deviation
of the true location of the vorticity from the X-
axis. That is, the distance from a point on the
hydrofoil to a point on the negative X-axis is ap-
proximated very well by only the Zz-component of
the distance. Thus, it is seen that the pressure
distribution predicted by the linear theory will be
more nearly correct when the hydrofoil is at an
angle of attack and more symmetrically located
about the X-axis. It appears, then, that low-drag
hydrofoils such as those derived in the present
paper and reference 1 can never be operated at the
design angle of attack for two reasons: (1) An
upper surface cavity will not form even on an
infinitely thin configuration and (2) some thick-
ness must be provided for strength.
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CORRECTION FOR FINITE ASPECT RATIO

Equations (122) and (123) show that the cavity
ordinates are directly proportional to the circula-
tion on the equivalent airfoil and thus the circula-
tion of the hydrofoil. Therefore, if the hydrofoil
circulation is reduced from its two-dimensional
value by finite span, the cavity ordinates must
also reduce. Another argument for this decrease
in cavity ordinates is that, if the two-dimensional
drag coefficient is reduced because of finite aspect
ratio, the maximum cavity thickness must also
decrease as pointed out in reference 17. It is now
assumed that for finite aspect ratios the cavity
ordinates will be reduced from the two-dimen-
sional value in proportion to the reduction in Cy ;.
This reduction occurs for two reasons, first because
of the reduced angle «; and because of the reduced

lift-curve slope More specifically, if the

A
’ I{__l m
cosine terms are assumed to be about equal to
unity, the first term of equation (99) can be written
as

A A
Cra ”m Mata,—a(@—ai) +m Mata,—ac
(125)

where the subscripts on m indicate the angle at
which m is determined on figure 2. If o, is
broken into two components 4, and ¢«.’, that is,
a,=Ay +a./, equation (125) can be written as

A
CL,1=m Mata,—a (@t Ay’ —ay)

4 ,
+-A—+T Mata,—ae (126)

If a4+ Ay =A, the value of the cavity ordinates
at infinite aspect ratio and angle a+4,’ —a; is

O O N O AL

where (%) is determined from the nonlinear
o—ag

solution of Green and (l/c), from the linearized
theory. Therefore, the effective lift-curve slope
at infinite aspect ratio and angle Ay—a; is my -,
for the first term in equation (127) and m,., for
the second term. Thus at finite aspect ratio the

corrected cavity ordinates are

0).- <>
total on—ai Ap—ay

A—|—1 Mata,—a, (l) (128)

+ o
or
l l )
N —r (—) Rc<—> 129
<c>total 4o\e¢ Ao—at+ ¢/e (129)
where
. A ma+ac-—ai
RAO—‘A‘I‘I Myy—a,
. A ma+ac—ai
RC—A’i‘l Ma=g

The preceding analysis assumes that the induced
angle «; is constant over the span. Since «;
actually varies over the span, except for the case
of elliptic loading, the cavity ordinates will also
vary over the span. This effect can be included
by using the appropriate spanwise distribution of
a; determined from finite-span airfoil theory.
(See ref. 11.) Also the influence of the crossflow
component of flow on the cavity ordinates has
been assumed to be negligible. However, near the
tips the cavity shape is largely determined by
the crossflow. For example, at zero aspect ratio
the cavity is entirely determined by crossflow.
Thus, it seems that the true cavity shape is
determined at the tips by the crossflow and at the
center by the main flow; the cavity shape between
is some transition between the two extremes.

EXPERIMENTAL INVESTIGATION
MODELS

Concurrent with the preceding theoretical in-
vestigation an experimental investigation was
conducted. Two models of 7.071-inch chord were
used in this experimental investigation. As shown
in figure 32(a), the first had a lower surface con-
forming to the Tulin-Burkart low-drag con-
figuration given by equation (14). A two-
dimensional design lift coefficient of 0.392
corresponding to a value of 0.2 for the coefficient
A, was selected. Since the foil is designed to
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z [0 0.250 0.500 0.750 1.000 1.250 1.500 1.750 2.000 2.250 2.500 2.750 3.000 3.250 3.500
Yu 0 092 155 207  .253 292 327  .363 .396 .426 .456 .483 .511 .536 .550
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Yu .536 502 467 430 390 .349 302 .254 .206 .150 .084 .010 —.079 —.189 —.236
Y1 308 297 282 262 .237 207 .172 .132 .088 .038 —.018 —.078 —.144 —.215 —.236

(a) Cambered model; Tulin-Burkart; C,, 4=0.392.

Frcure 32.—Model configurations.

operate in a cavity, the shape of the upper surface
is arbitrary as long as it does not interfere with
the formation of the cavity from the leading edge.
However, since the greatest advantage is to be
obtained at small angles of attack and thus thin
cavities, the thickness of the foil must be small.
For the present cambered model the upper surface
profile from the leading edge to midchord was
arbitrarily chosen to conform with the theoreti-
cally determined [ree streamline for a two-
dimensional flat plate at 5° incidence. The
thickness of the portion aft of the midchord was
made the image of the forward portion so that a
symmetrical thickness  distribution  with a
maximum thickness-chord ratio of 3.3 percent is
obtained. Since the center of pressure of the
Tulin-Burkart hydrofoil is located near the
midchord, this symmetrical section minimizes the
torsional moment on the foil and results in less
twist than would be experienced by a non-
symmetrical section.

The second model was of triangular cross section
with a flat bottom as shown in figure 32(b).

C'a'vityw i
pressure
‘orifice |

bl —

-NACA 66-012

300- 4 '
v e ;» ___Span
<& I | center line

(b) Spon,Lf.O7l"

(b) Flat-plate model.

Fraure 32.—Concluded.
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The maximum thickness was 5 percent of the
chord.

Such thin sections lead to structural limitations
on the aspect ratio when supported by a single
strut at midspan. Since an aspect ratio of 1 is
about the most desirable from the structural
standpoint and also represents the accepted
dividing line between hydrofoils and hydro-skis,
both models were made with a square plan form.

The strut, which can also be seen in figure 32(b),
had a NACA 66,—012 airfoil section. The strut
was mounted perpendicular to the bottom of the
flat plate and perpendicular to the X-axis of the
cambered surface. The intersection of the strut
and upper surface was without fillets. Both the
hydrofoils and the strut were made of stainless
steel and were polished to a smooth finish.

APPARATUS AND PROCEDURE

Tests were made with the Langley tank no. 2
arriage and existing strain-gage balances which
independently measure the lift, drag, and pitching
moment. Figure 33 shows a view of the test setup
with the cambered hydrofoil and the balance
attached to the carriage. The positive directions
of forces, angles, and moments used in presenting

B Windscreen })

B

V8 | | \Pies=:.. .

|
Air supply line

¥

o AT Cavity pressure line
§ —
2 ‘

!f L-57-2745

Freure 33.—Test set-up showing cambered hydrofoil and
balance attached to towing carriage. Aspect ratio, 1.0.

the force data are shown in figure 34.

The force and moment measurements were
made at constant speeds for fixed angles of attack
and depths of submersion. The depth of submer-
sion is defined as the distance from the undisturbed
water surface to the leading edge of the model.

Ventilated or zero-cavitation-number tests were
made with both models at a depth of submersion
of 0.5 inch over a range of angle of attack from
6° to 20° for the flat plate and 8° to 20° for the
cambered foil. Two methods of obtaining venti-
lated flow at this 0.5-inch depth were used: normal
ventilation through the trailing vortices as
described in reference 5, and injection of air
through the port near the strut leading edge.
(See fig. 30.) This air was supplied at a rate of
0.012 pound per second and was cut off after
ventilation was established. Both models were
also investigated at a depth of submersion of 0
inches at a=4° for the flat plate, and «a=6°, 8°,
and 10° for the cambered surface. At angles of
attack of 16° and 20° for the flat surface, forces
were also measured over a range of depth of
submersion for which ventilation could be obtained
(d=0 to 2 inches).

The thickness and location of the jet or spray
leaving the leading edge of the flat plate were also
measured at 16° and 20° for a range of d from 0
to 2 inches. A schematic drawing of the instru-
ment used for measuring the spray thickness and
direction is shown in figure 35. The stagnation
tube was lowered through the spray during a test
and the pressure and location of the tube center
line was recorded on an oscillograph. Almost
instantancous response of the stagnation-tube—
pressure-cell combination was obtained by com-
pletely filling the tube and connecting line with
water. The point of entering and leaving the
spray was obtained by comparing the location of
the tube with the rise and fall of pressure as the
tube passed through the spray. The vertical
location of the tube was obtained from the output
of the slide-wire circuit also shown in figure 35.

Lift
4
Moment <

-
% = Direction of motion
Drag = ——

Frcure 34.—System of axes.
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Fiaure 35.—Schematic drawing of spray thickness gage.

During a test the tube was passed through the
spray several times and an average of the results
was taken.

Tests of the finite-cavitation-number case were
made at a depth of submersion of 6 inches (where
vortex ventilation did not occur). Measure-
ments of lift, drag, and moment were obtained for
a range ol velocities from 20 to 80 feet per second
at angles of 18° and 20° (for which long trailing
alr or vapor cavities could be obtained). Data
for air-filled cavities were obtained by introducing
air from an external metered supply to the upper
surface through the ports on the strut leading edge
shown in figure 32. During these tests the pres-
sure in the cavity formed was measured by a pres-
sure cell connected to a Yg-inch-diameter orifice
located near the bottom of the strut so as to be
within the cavity. (See fig. 32.) This measured
pressure was used in computing the cavitation
number for the cavity formed. The airflow rate
was measured by an orifice-tvpe flow meter.  Air-
flow rates up to 0.012 pound per second were ob-
tained with the test arrangement.

ACCURACY

The change in angle of attack due to structural
defleetion caused by the forces on the model was

obtained during the calibration of the balances
and the test data were adjusted accordingly. The
maximum correction necessary was only 0.1°
The estimated accuracy of the measurements is
as follows:

Angle of attack, deg. __________ . ______________ +0.1
Depth of submersion, in._________.____________ +0.1
Speed, fps_ . .___ +0. 2
Lift, lbo .- +15
Drag, b - +7
Moment, ft-1b_____ __ L ___ +6
Cavity pressure, Ib/sq ft_ ... . ____.__. +10
Spray thickness, in._ . _________________.___-. +0.05
Spray angle, deg._ _ _____ . _____ - +1.5

The forces and moments were converted to the
usual aerodynamic coefficient form by using a
measured value of the water density of 1.93 slugs
per cubic foot. The kinematic viscosity meas-
ured during the tests was 1.70X107% pounds-
second per square foot. Thus, for the range of
velocities investigated, the Reynolds number
based on chord ranged from 0.7 X10° to 2.8 X108

EXPERIMENTAL RESULTS AND DISCUSSION
ZERO CAVITATION NUMBER

A typical photograph of the flat and cambered
models operating in a ventilated condition near
the free surface is shown in figure 36. Since only
the zero cavitation number or fully ventilated flow
condition was of interest, data are presented
only for those conditions where ventilated flow
could be obtained.

Basic force and moment results.—The basic
data from the tests of the hydrofoils operating in a
ventilated condition at a depth of submersion of
0.5 inch are presented in figures 37 and 38 as
curves of lift, drag, and moment about the leading
edge against speed for various angles of attack.
Ventilated-flow data obtained at zero depth of
subiersion at 4° incidence for the flat plate and
6°, 8°, and 10° for the cambered surface are also
included.

The basic ventilated-flow data obtained for the
flat plate at depths of 0, 1.0, 1.5, and 2.0 inches for
incidences of 16° and 20° are presented in figure
39.

Spray thickness and spray angle.—In the sec-
tion on theory the need for determining the re-
lationship between the leading-edge depth of sub-
mersion and the spray thickness for a flat plate
was pointed out. These variables were measured
for the flat plate at 16° and 20° over the range of




TR ™

( b ) o

L-59-5005
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Fraure 36.—View of flat and cambered models operating in a ventilated-flow condition at a depth-chord ratio of 0.071.

depth of submersion from 0 to 2 inches.  The data
are shown in figure 40. The spray-thickness
measurenients presented were obtained approxi-
mately 20 percent of the chord rearward of the
leading edge.  On one test, measurement of the
spray thickness was also obtained at about the

midchord and the results were in agreement with
those obtained at the 20-percent location.  There-
fore, for the range of depths investigated, the spray
thickness measured is comparable to the theoreti-
cal value infinitely rearward of the foil. It may
be noted in figure 40 that the spray thickness is
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Fiqure 37.—Characteristics of the flat lifting surface
operating in a ventilated condition.

greater than the leading-edge depth of submersion,
and the magnitude of the ratio increases with
either increase in angle of attack or decrease in
depth of submersion. Also shown in figure 40 are
the theoretical relationships between /¢ and d/c
for the two-dimensional 0° and 90° cases previous-
ly discussed. It may be noted that the trends of
the experimental and theoretical curves are parallel.

In foregoing sections it has been pointed out
that the relationship between leading-edge depth
of submersion and spray thickness is influenced
by the force of gravity and thus cannot be obtained
from Green’sanalysis.  Also the influence of aspect
ratio has been shown to be important. The
relationship for a=0° and 90° has been deter-
mined but the manner in which intermediate
angles of attack affect the result is not understood.
The data shown in figure 40 combined with the
end-point results previously established for a=0°
and 90° permit lines of constant d/e, at least for
the aspect-ratio-1 condition, to be drawn on figure
2. The experimental data shown in figure 40 were
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Ficure 37.—Concluded.

plotted on figure 2 at their equivalent angle of
attack a—ay;. This corresponds to equivalent
angles of attack of approximately 12.3° for the
16° case and 15.9° for the 20° case for the range of
dfc presented. For values of dfc greater than
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Fraure 38.—Characteristics of the cambered lifting surface

operating in a ventilated-flow condition.
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0.285, only the theoretical end points were avail-
able and parallel lines were faired in. Although
these lines are accurate only for the aspect-ratio-1
condition, they are considered to be good approxi-
mations even for aspect ratios as high as 6. Such
an approximation is reasonable because the asymp-
totic value of the stagnation line infinitely forward
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Ficure 39.—Characteristics of the flat plate operating in
a ventilated-flow condition at «=16° and 20° for depths
of submersion of 0, 1.0, 1.5, and 2.0 inches.

of a flat plate is only of the order of about 0.1
chord below the stagnation point for aspect ratios
less than 6 and lift coefficients less than 0.5. It
is obvious from figure 2 that for depths greater
than 1 chord, the end points may be connected
by any reasonable line (for example, a straight
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line) with very little loss in accuracy.

Figure 41 shows the effect of depth of submer-
sion on the spray angle ¢ for the flat plate at 16°
and 20°.

FINITE CAVITATION NUMBER
The finite-cavitation-number characteristics of
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Ficure 40.—Effect of depth of submersion on the flat
lifting surface spray thickness. Aspect ratio, 1.0.
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Ficurk 41.—Effect of depth of submersion on the flat
lifting surface spray angle. Aspect ratio, 1.0.

the two models obtained at a 6-inch depth of sub-
mersion are shown in figure 42 for angles of attack
of 18° and 20°. The solid data points are the lift
coefficients obtained for vapor cavitation. The
cavitation number corresponding to the condition
tested was computed by using the water vapor
pressure (at the test temperature) for the pressure

within the cavity (thnt is a:p"%p")- For cavi-

tation numbers less than about 0.7, the vapor
pressure was actually slightly lower than the meas-
ured cavity pressure. At cavitation numbers
greater than 0.7, the measured pressure was usually
considerably higher than the vapor pressure.
However, since at the high cavitation numbers it
could not be determined with certainty whether
the cavity pressure orifice was within the cavity,
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Ficure 42.—Effect of cavitation number on lift

coefficients of flat and cambered lifting surfaces.

Depth of submersion, 6 inches; aspect ratio, 1.0.
Symbols for flat-plate data are flagged.

the vapor pressure was used to compute all cavi-
tation numbers. These high-cavitation-number
points are denoted by the solid symbols. Also
denoted in figure 42 are the approximate values
of ¢ at inception o; and the point at which the
cavity length exceeded the chord (supercavitation).
These values are only estimates, since no effort
was made to find the exact velocity at which these
incidents occurred. Although the estimated values
of o, are the same for both models, there may actu-
ally be some difference in the true points.

The open data points in figure 42 represent data
obtained by introducing air to the upper surface
of the model and establishing a cavity. The cavi-
tation number for this condition was computed by
using the measured value of the pressure within
the cavity. In this case the cavity pressure orifice
was always well within the cavity formed. In
figure 42 the curves are extended to the com-
puted value of (. for ¢=0 as obtained from
equation (99).

The agreement between the vapor- and air-
cavity data confirms the use of the cavitation

number as the significant parameter for correlating
the characteristics of cavity flow. The similarity
of the air and vapor cavities at nearly equal
cavitation number is shown in figure 43. This
dependence on the cavitation number is to be

Air; 0=0.39 ;1= 20 fps,

Vapor; ¢=0.33;'V=80 fps. L-57~-2743
(a) Flat lifting surface.

Figure 43.—Comparison of air- and vapor-filled cavities
for depth of submersion of 6 inches. a=20°.

Air; 0=0.48; V=20 fps.

Vapor; o=0.33; V=80 fps. [l -57-2744
(b) Tulin-Burkart lifting surface; Cr 4=0.392.
Fircure 43.—Concluded.
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expected because the forces on the body are influ-
enced only by the streamline curvatures and thus
the pressure within the cavity; the type of gas
present should have only a secondary influence.

Satisfactory air cavities could not be established
at angles less than about 18°. At low model
speeds where the air could reach the separated
region near the leading edge the cavity upper
surface was greatly disturbed by the force of the
air jets. At higher model velocities either the air
could not reach far enough upstream to form a
cavity or when a cavity was formed it did not
cover the whole span. If a greater quantity of
air is supplied it is believed that satisfactory
results can be obtained at angles less than 18°.

The use of a dynamic model of a high-speed
aircraft equipped with supercavitating hydrofoils
will require simultaneous reproduction of both the
full-scale cavitation and Froude numbers. Such
an investigation is possible if an air-filled cavity
with the proper cavitation number can be estab-
lished on the model.

COMPARISON BETWEEN THEORY AND
EXPERIMENT

FORCES AND MOMENTS
LIFT COEFFICIENT

The experimental data presented in the previous
section revealed that all ventilated force and
moment data in coefficient form were independent,
of speed in the range tested. (This independence
was true in the present case because of the shallow
depth of submersion and therefore ¢=0. At very
large depths, ¢ will be greater than zero because
P, is greater than p. even if the cavity is fully
vented to the atmosphere. Therefore, at large
depths, changes in velocity will affect the lift
cocfficient because these changes affect 0.) The
data shown in figures 37(a) and 38(a) are plotted
in figure 44 as lift coefficient against angle of
attack for cach of the models tested. A compari-
son of the lift coefficients of the two models shows
an effective increase in angle of attack of the
cambered model as predicted by the Tulin-Burkart
theory. Also shown in figure 44 are the theoreti-
cal lift-coefficient curves obtained from equation
(99). The theory is about 3 percent lower than
the measured values.

The variation of lift coefficient with depth of
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Ficure 44.—Comparison of theoretical and experimental
lift coefficients for the aspect-ratio-1 flat and
Tulin-Burkart sections. o=0.

submersion of the flat-plate model at 16° and 20°
incidence is shown in figure 45. Note the slight
increase in lift coefficient as the hydrofoil nears
the surface. Also shown in figure 45 is the theo-
retical variation of the lift with depth of sub-
mersion obtained from equation (99). The theory
is in excellent agreement with the data and accu-
rately predicts the increase in lift with a decrease
in depth of submersion.

In reference 18 data obtained on the same two
models used in the present experimental investi-
gation are presented. These data were obtained
with the model in a ventilated condition at speeds
up to 185 fps. The measured lift coefficient is
plotted against the depth-chord ratio for various
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Ficurg 45.—Comparison of theoretical and experimental
lift coefficients for the aspect-ratio-1 flat lifting surface
as affected by depth of submersion. a=16° and 20°;
a=s0.
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angles of attack for the flat plate and Tulin-
Burkart sections in figure 46. The solid lines in
figure 46 are the theoretical values of the lift
coefficient obtained {rom equation (99). Those
points in the range ¢=~0.03 denoted as partially
vented are for cavitation numbers slightly greater
than 0. The agreement between theory and
experiment is generally good.

Two five-term supercavitating sections, one of
aspect ratio 1 and one of aspect ratio 3, have also
been tested in the ventilated condition near the
free water surface in Langley tank no. 2. The
aspect-ratio-1 hydrofoil had a design lift coefficient
Cpqof 0.392. The value of Cy 4, for the aspect-
ratio-3 hydrofoil was 0.196. The data obtained
on these hydrofoils are presented in reference 19.
In figure 47 the measured lift coefficients taken
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Fiqure 46.—Comparison of theoretical lift coefficients
with experimental data reported in reference 19 on
aspect-ratio-1 flat and Tulin-Burkart sections. ¢=0.

from reference 19 are plotted against the depth-
chord ratio for various angles of attack for the
two five-term sections investigated. The solid
lines in figure 47 are the theoretical values of the
lift coefficient given by equation (99). The agree-
ment between theory and experiment is again
excellent except for the very shallow depths where
the assumptions made in the derivation of the
theory are invalid.

DRAG COEFFICIENT
In figure 48 the data of figures 37(b) and 38(b)
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Fireure 47.—Comparison of theoretical lift coefficients
with experimental data reported in reference 19 on aspect-
ratio-1 and -3 five-term sections. o=0.
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(b) Aspect-ratio-3 five-term hydrofoil; Cp, 4=0.196.
Ficure 47.—Concluded.
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Ficure 48.—Comparison of theoretical drag coefficients
with experimental data obtained on aspect-ratio-1
flat and Tulin-Burkart sections. ¢=0.

in coefficient form are compared with theoretical
values obtained from equation (100). The friction
drag coefficient of one side of either of the models
was calculated to be about 0.003. With the strut
drag included, the total friction drag coefficient
C, based on the hydrofoil area was taken as 0.004.
When this value of C;is used in equation (100),
the agreement between theory and experiment is
good for both models.

In figure 49 the experimental lift-drag ratios
obtained from the data of figures 37 and 38 are
compared with theory. Again both experiment
and theory include the skin-friction drag co-
efficient (C;=0.004). The agreement between
theory and experiment is good for both models.
The superiority of the cambered hydrofoil is
clearly revealed in this figure. At a lift coefficient
of 0.25 the L/D of the cambered foil is more than
twice that of the flat plate.

Also included in figure 49 are data taken from
reference 5 on a ventilated modified flat plate of
aspect ratio 1. This modified plate had an ellip-
tical leading edge and a tapered trailing edge.
The importance of providing a sharp leading edge
on hydrofoils designed for use in cavity flow is
shown by comparing the L/D of this modified flat
plate with the L/D of the sharp-leading-edge flat
plate of the present investigation. The rounded
leading edge of the modifled plate is subjected to
a net positive pressure which is not balanced by
similar pressures on the afterportion of the plate.
In addition, the lower surface of this plate presents
an effective negative camber to the flow and thus
does not develop as much lift as a truly flat surface.
At small angles the form drag of the rounded
leading edge is of the same order of magnitude as
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Figure 49.—Comparison of theoretical lift-drag ratios
with experimental data obtained on the aspect-ratio-1
sharp-leading-edge flat surface and the Tulin-Burkart
cambered section. Experiment and theory include
skin friction, (C;=0.004). o=0.

the induced drag and skin friction; thus, it greatly
influences the maximum lift-drag ratio of the
section. Several other recent investigations have
noted the importance of a sharp leading edge on
hydrofoils designed for operation in the super-
cavitating regime. (See refs. 20 and 21.)

The experimental values of the drag coefficient
obtained in reference 18 on the aspect-ratio-1 flat
and Tulin-Burkart models are presented for com-
parison with theory in figures 50(a) and 50(b),
respectively, The agreement between theory
and experiment is very good over the range of
depths and angles of attack tested.

The experimental drag-coefficient data pre-
sented in reference 19 on the aspect-ratio-1 and
-3, five term sections are compared with theory in
figure 51. As shown in figure 51(b) the aspect-
ratio-3 data are in excellent agreement with the




INVESTIGATION OF SUPERCAVITATING HYDROFOILS OPERATING NEAR FREE WATER SURFACE 61

20 T
: I a, deg
(o) ~——Theory o 4 j
.16 o 8
a 12
A2 C 12 adeg
vl v v
Cp v |ve g v 20
!
08k = o) 6
T
0414 A A o [ raY |‘L
— oo, lo ®h o 8
(o} I 44—
20
T T |
v
16y Y o 20
o \
12p—f —| 2 16—
o 4 4 a [
ala a a B Al L1228
.08 . :
5 8
.04
(o} 2 49 6 8 1.0
d/fe
(a) Flat,

(b) Tulin-Burkart; Cp, ¢4=0.392.

Figure 50.—Comparison of theoretical drag coefficients
with the experimental data reported in reference 18 on
aspect-ratio~-1 flat and Tulin-Burkart sections. o=0.
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Figure 51.—Comparison of theoretical drag coefficients
with experimental data of reference 19. o=0.

theoretical values obtained from equation (100).
However, as may be seen in figure 51(a) the
experimental drag coefficient for the highly
cambered aspect-ratio-1 model ((C7 ,=0.392) are
considerably higher than the calculated values.
The reason for this disagreement is probably due
to the inability of a theory, which assumes small
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(b) Aspect-ratio-3 five-term hydrofoil; Cr, 4=0.196.

Ficure 51.—Concluded.

camber, to predict accurately the pressure dis-
tribution when the camber is large. The line-
arized theory assumes that terms such as (u/V)%,
(»/V)? and up/V? and higher order terms are small
compared with unity and therefore may be
neglected. It may be calculated from the line-
arized results given in figures 3 and 4(a) that the
maximmum values of (u/V)? and (»/V)? for the
two-dimensional case are about 0.068 and 0.09 for
the Tulin-Burkart section with Cy ,=0.392 and
about 0.08 and 0.09 for the five-term section with
C..+=0.196. On the other hand, the maximum
values of (#/V)? and (»/V)? are 0.32 and 0.36 for
the five-term section with (1 ,=0.392. Since
the values of 0.32 and 0.36 are not small compared
with unity, the assumption that these second-
order terms may be neglected is not justified for
the five-term section with (y, ,=0.392.

The available data are not sufficient to de-
termine accurately the limits on the applicability
of the theory. However, it is clear that the
theory is applicable for all cambers for which the
two-dimensional linearized theory predicts (u/V)*
and (2/V)? to be less than about 0.1. On the
other hand, the theory is definitely lacking in
accuracy, particularly for calculating the drag
coefficient, when the linearized result gives values
of (u/V)? and (s/V)? greater than about 0.3.

CENTER OF PRESSURE

The center of pressure of the flat plate and the



62

Tulin-Burkart section as calculated from the data
of figures 37 and 38 are compared with theory in
figure 52. The theory from equation (113) is in
good agreement with the experimental data for
both models. Since the experimental accuracy
of the forces and moments on the flat plate is poor
at small angles of attack (small total loads) the
accuracy of the center of pressure from the data
obtained on the flat plate at 4° and 6° incidence is
doubtful.

Center-of-pressure data as taken from reference
18 for the flat-plate and Tulin-Burkart sections
are compared with theory in figures 53(a) and
53(b), respectively. The agreement between the-
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ory and experiment is good for those conditions
where the upper surface of the hydrofoils was
not wetted.

Experimental measurements of the center of
pressure of the two five-term sections as presented
in reference 19 are compared with theoretical com-
putations in figure 54(a) for the aspect-ratio-1,
Cr.¢=0.392 section and in 54(b) for the aspect-
ratio-3, C ,=0.196 section. These experimental
data are higher than the theoretical predictions
by about 5 percent to 15 percent. This discrep-
ancy is probably due to the application of the
crossflow lift at the midchord in equation (113).
For the five-term section the crossflow is ob-
viously concentrated on the rearward portion of
the section. For cambers of the magnitude in-
volved for these two sections, the data indicate
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Yop are e §
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(a) Aspect-ratio-1 five-term hydrofoil; Cp, 4=0.392.
Ficure 54.—Comparison of theoretical ratio of center of

z
pressure to chord f’ with experimental data of refer-
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Ficure 52.—Location of the center of pressure of aspect-
ratio-1 flat and Tulin-Burkart sections. o=0.
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that application of the crossflow at, for example,
0.8 chord would be better than the midchord loca-
tion assumed. However, no general expression
for the center of pressure of the crossflow compo-
nent of lift has been determined and, if better
accuracy than that given by the midchord location
is desired, the designer may make some improve-
ment by devising some empirical relationship for
the location.
CAVITY SHAPE

The slope of the upper cavity streamline has
been shown in the section on theory to be directly
proportional to the equivalent airfoil circulation
and thus to the hydrofoil circulation. Thus the
effect of aspect ratio on the slope of the upper
cavity streamline of a flat plate may be given by
an equation similar to equation (128); that is,

tan ¢A=Ai+1 tan dyo. (a—a)  (130)

Thus for a given ratio of spray thickness to chord
the theoretical value of the tan ¢, at some ar-
bitrary aspect ratio and angle of attack is obtained
by finding the two-dimensional value of ¢ from
figure 26 for the angle a—a; and then reducing

the tangent of this angle by % The theoreti-

cal spray angles for the flat-plate model operating
at angles of attack of 16° and 20° which were
computed by using the measured values of §/c
obtained from figure 40 are shown in figure 41 for
comparison with experiment. The theoretical
values are too high at very shallow depths but
the agreement becomes much better as the depth
becomes greater than about 0.25 chord.
Reference 18 presents further experimental data
on the cavity shapes of the aspect-ratio-1 flat and
Tulin-Burkart sections. Figure 55 shows the
aspect-ratio-1 flat plate operating at a depth of
0.5 chord and an angle of attack of 16°. The
plate had 3 pins located along the span so that the
upper ends of the pins were 0.34 chord rearward
of the leading edge and 0.17 chord from the lower
surface of the plate. These pins were spaced
0.021, 0.198, and 0.375 chord from the right tip of
the plate. From the photograph the cross section
of the cavity may be estimated as shown by the
solid line in figure 55(b). The horizontal short-
dashed line is the calculated location of the cavity
upper surface based on a uniform distribution of

Theory, distributed o
/

N S —~Experiment

% Theory, uniform af-"\‘ ;

o e

0 N N ANV \
=1 0 A .2 3 4 5 K] 7 8 2 1O A]
Distance from tip in chords L-58-2509

(a) View of ventilated flow.
(b) Section at 0.34 chord from leading edge.

Freure 55.—Cavity cross section for flat plate. Aspect
ratio, 1.0; (—:=0.5; a=16°.

a;. The other dashed curve is the cavity cross
section calculated by assuming the airfoil induced
angle distribution for a rectangular plan form.
(See ref. 10.) It may be noted that near the tips
the cavity shape is primarily due to crossflow,
whereas near the center the calculated value based
on the actual distribution of induced angle of
attack is more nearly correct if the cavity curva-
ture due to the strut is neglected. The cavity
shape based on uniform induced-angle distribution
is about 20 percent lower than the maximum
measured value.

In figure 56 the calculated cavity shapes based
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o8l 4
L
L
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(b) Tulin-Burkart; Cr ¢4=0.392.
Ficure 56.— Calculated cavity upper surface streamlines
for flat and cambered models. Aspect ratio, 1.0;

§=0.5.
¢
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on uniform «; are presented for the two aspect-
ratio-1 hydrofoils operating at d/c=0.5. Itmay be
seen in figure 56 (a) that for the flat plate the cal-
culated streamline at an angle of attack of 4° just
touches the upper surface of the model. If the
speed is sufficiently high, no significant negative
pressure coefficient can exist in the flow field;
therefore, if the forward portion of the upper sur-
face is wetted and positive pressures occur, the
lift will decrease. Thus it may be concluded from
the calculations that the maximum value of the
lift-drag ratio for this flat-plate hydrofoil occurs
at an angle of attack of 4°. Experimental data
obtained in reference 18 at speeds up to about 185
feet per second reveal that the forward portion of
this flat-plate hydrofoil does become wetted at an
angle of attack of about 4°. The maximum lift-
drag ratio also occurred at an angle of attack of
about 4°.

The hydrofoil section shown in figure 56(b) is
the Tulin-Burkart model with (;, ;=0.392. The
calculated location of the cavity streamline is
shown for angles of attack of 4°, 8°, and 12°. It
may be noted that the calculated streamlines are
almost identical with those shown in figure 56(a)
for the flat plate. The reason that both hydrofoeils
have about the same theoretical cavity streamline
location is peculiar to an aspect ratio of 1. There
are two compensating effects due to camber which
cause this similarity in streamlines. The cambered
hydrofoil cavity ordinates are increased because
of the hydrofoil curvature but simultaneously the
camber causes increased lift at a given angle and
produces a greater induced angle of attack.
The greater induced angle of attack results in a
decrease in cavity ordinates and thus effectively
cancels the increased ordinates contributed by the
hydrofoil curvature.

Figure 56(b) indicates that ventilation from the
leading edge of the cambered model will not be
possible at angles less than about 10°. Experi-
ments conducted in ventilated flow up to speeds of
180 feet per second and reported in reference 18
are in excellent agreement with this prediction;
that is, at angles less than 10° the forward portion
of the upper surface was wetted. However, the
experimental data of reference 18 show that the
maximum lift-drag ratio of the cambered model
occurred at an angle of attack ol about 7° to 8°.
The fact that the lift-drag ratio continued to
increase even with the upper surface wetted is

attributed to the curvature of the upper surface
and finite speed. At a speed of 175 feet per second
it is possible to support a pressure coefficient as
low as —0.07. Thus, it is possible at finite speeds
for the upper surface to add to the lift and
possibly decrease the drag. Theoretically, at
higher speeds the maximum lift-drag ratio will
occur closer to the predicted angle of attack of 10°.

THEORETICAL COMPARISON OF PRACTICAL
LOW DRAG SECTIONS

The experimental data given in the preceding
section indicate that a reliable approximation to
the cavity streamline location on high-speed,
moderate-aspect-ratio surfaces can be obtained
theoretically. By using the theory developed,
it is now possible to determine the best of the four
section shapes when operating under practical
conditions: (1) circular are, (2) Tulin-Burkart,
(3) three term, and (4) five term. The operating
condition chosen for comparison was a depth of
submersion of 1 chord and an aspect ratio of 3.
The structural characteristics of the section were
arbitrarily chosen as (1) thickness ratio ¢/c=0.03
at 0.2 chord from the leading edge and (2) t/c=0.04
at the chordwise location of the maximum lower
surface ordinate. The leading edge and these
control points were assumed to be connected by
straight lines and the upper surface rearward of the
latter control point was taken as parallel to the
reference line of the section. Because of the almost
uniform gradation of the various characteristics
of the four sections, only the extremes, the circular-
arc and five-term section, were compared.

Over the range of cambers from (', ;=0 to (",
=0.3, the calculated cavity streamlines first
touched the upper surface of the assumed hydro-
foil sections at the 0.2-chord control point. Thus,
the second point at the maximuin lower surface
ordinate did not influence the maximum lift-drag
ratio of the sections. By using equations (99)
and (100), the lift and drag coefficients of the
sections were calculated. The friction drag co-
efficient was estimated to be 0.004. A plot of the
variation of the lift-drag ratio with lift coefficient
is presented in figure 57. Also shown in figure 57
is the line denoting the minimum angle at which
the control point at 0.2 chord just clears the
caleulated cavity streamline. The area above
this line is shaded to indicate that these regions
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F1aURrE 57.— Theoretical lift-drag ratios of five-term and circular-arc hydrofoils. Aspect ratio, 3.0; %i: 1.0.

are not attainable under the design conditions.
This line of minimum angle of attack for the
structure specified is also indicated in figures 17
to 24 as the angle of attack for maximum L/D.

The regions above the dashed lines are zones
where the hydrofoil cannot operate with a full
cavity from the leading edge. The dashed lines
should, of course, be modified when control points
other than ¢/¢=0.03 at z/c¢=0.2 are used.

The significant result shown in figure 57 is that
either type of camber can give higher maximum
lift-drag ratios than the flat plate. The optimum
amount of camber for both hydrofoils correspond
to a value of (', of about 0.1. The optimum
lift coefficient is about 0.175 for both sections.
The hydrofoil cross sections shown in the top of
figure 57 are for Cy, ,=0.1 oriented at the minimum
angle of attack revealed by the analysis. The
analysis as presented 1n figure 57 also shows that
the five-term section is superior to the circular
arc. The maximum values of the lift-drag ratios
are 10.5 and 9.5 for the five-term and circular-arc

sections, respectively. Although the lift-drag
ratio of the five-term section is slightly higher than
that of the circular arc, it is not twice as high as
that predicted from the two-dimensional theory.

For an aspect-ratio-3 hydrofoil, supported by a
single strut and operating at speeds of 80 knots
or greater, the thickness distribution chosen for
the analysis is not conservative. Therefore, the
calculated maximum lift-drag ratio of about 10
at a lift coeflicient of 0.175 is very near the opti-
mum that can be obtained on a single super-
cavitating hydrofoil supported on one strut and
operating at zero cavitation number at speeds of
80 knots or greater. More severe structural re-
quirements than those imposed in the present
analysis will reduce the maximum attainable lift-
drag ratio.

CONCLUSIONS

Two supercavitating hydrofoil sections with low
drag have been derived by optimizing the shape
when three and five terms are assigned to the
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series expansion for the vorticity distribution.
The two-dimensional lift-drag ratios of the two
sections operating at their design lift coefficient
are theoretically about 45 and 80 percent greater
than the Tulin-Burkart configuration.

The concept of combining the linearized effects
of camber with nonlinear flat-plate theory has
proven to be satisfactory. The results of a com-
parison of this theory, corrected for aspect ratio,
with experimental data obtained on four low-
aspect-ratio sections at zero cavitation number
may be summarized as follows:

1. The theoretical lift coefficient was in excellent
agrecment with those obtained experimentally.

2. The theoretical drag coefficient was in ex-
cellent agreement with experimental data on all
models except a highly cambered five-term section
with a design lift coefficient of 0.392. The dis-
agreement is attributed to the inability of linear-
ized theory to predict accurately the pressure
distribution when the curvature is very great.

3. The theory for the five-term section predicts
centers of pressures slightly nearer the leading
edge than experiment; however, the agreement
may be improved by taking the center of pressure
of the crossflow component rearward of the mid-
chord.

4. Low-drag hydrofoils developed from the
linear theory cannot operate at the orientation for
which the stagnation point is at the leading edge
because an upper surface cavity will not form from
the leading edge even for sections with zero thick-
ness. The theoretical cavity shapes are in suffi-
cient agreement with experimental data to warrant
their use in making calculations of the minimum
angle of attack for which a cavity will form {from
the leading edge.

5. The theory developed is used to compare
various low drag sections which are considered to
be structurally adequate for zero cavitation num-
ber operation at speeds of about 80 knots when
the hydrofoil has an aspect ratio of 3 and is sup-
ported by a single strut at a depth of one chord.
This theoretical comparison shows that under the
specified conditions the maximum lift-drag ratio
obtainable is about 10. The best section for
optimum lift-drag ratio is the five-term design;
however, the camber profile may range from the
five term to the circular arc with only about a 10
percent change in the maximum lift-drag ratio.
LaNGLEY RESEARCH CENTER,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
LanciLEY FieLp, Va., July 8, 1959.
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APPENDIX

SAMPLE CALCULATION OF LIFT, DRAG, AND CENTER OF PRESSURE OF A CAMBERED
LIFTING SURFACE OPERATING AT FINITE DEPTH AND ZERO CAVITATION NUMBER

A sample calculation of the lift, drag, and center
of pressure is presented for a Tulin-Burkart section
with A;=0.2(C; +=0.392), having an aspect ratio
of 1 and operating at an angle of attack of 12°
and depth of submersion of 0.071 chord.

LIFT COEFFICIENT
STEP 1

For the Tulin-Burkart hydrofoil section
(Az=—%>r from equation (7),

A4, 54
U, o =A1—‘?2=-4—1=0.25

STEP 2
From figure 15 at d/c=0.071,

%e —0.718

e,

Therefore,
a,=(0.718)(0.25)=0.18

STEP 3

By assuming that € ;=0.25 and 7=0.12 and
by using equation (95),

a;=1.12 9-';r2-§=0.088
and
12 . .
a-l—ac—ai=57—3+0.l8—0.088=0.301 radian=17.2

From figure 2 for d/¢=0.071 and «=17.2° it is
found that m=1.63; therefore, from reference 11,
7=0.12 as assumed. By using the first term in
equation (99),

cos 12°

cos 17.20 0251

OL,1=% (1.63) (0.301)

This value should check with the original assump-
tion; if not, repeat step 3 with a better approxima-

tion for € and ~.
STEP 4

For the Tulin-Burkart section given by equa-
tion (14) with A4,=0.2,

Y=
¢ M= 6
Therefore,
a,=tan"! 0.033=1.92°
and
a'=12°41.92°=13.92°
a,=0.18 radian=10.3°
or

o' +a,—24.22°
By using equation (97),

OL,C——————;- 0.88 sin? (24.22) cos 13.92°=0.072

Thus, the required lift coeflicient is

Cr=0Cp14+C1,.=0.2514-0.072=0.323

DRAG COEFFICIENT
STEP 1

From step 3 in the lift-coefficient calculation,
at+a—a;=17.2°

For d/c=0.071, m=1.63; and for djc=», m=1.2.
Therefore, from equation (110)
1.63 7
mez—ﬁ 5—-213
From figure 2 by using the =0 line with m=2.13,
67
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it can be found that

(d/c).=0.66
STEP 2
If a (the distance to airfoil center of pressure)
is assumed to be 0.37, then from figure 13 for
a=0.37 and d/c=0.66, the following values are
found:
B,=0.56

B1:0.15
B,=0

From equation (86) for Ay=a—a;=0.121, A,
=0.2and 4,;=—0.1. The values of (}, ('}, and
may be determined as

,=0.212
(,=0.181
02—:"—0.1

and from equation (80), ¢=0.367, which checks
with the assumed value. If the resulting value of
a differs enough from the assumed value to affect
the values of the B coefficients, step 2 should be
repeated.

STEP 3

From equation (109) the value of ¢is determined

as
€¢=0.0013 radian=0.065°
STEP 4
Substituting the following values

Cra=0251  (,,=0.072 C,—=0.004

into equation (100) yields
Cpr=0.251 tan(12.065°)+0.072 tan(13.92°)

+0.004=0.075

CENTER OF PRESSURE
STEP 1

From step 2 of the drag-coefficient calculation,

0020.212 01=0181 02=—0.1

' Thus, from equation (111),

ZTep1=0.43¢

STEP 2
From equation (113) and by using

(', 1=0.251
and

C,..=0.072
it is found that

z.,=0.45¢




e T

10.

11.

. Lamb, Horace: Hydrodynamies.

INVESTIGATION OF SUPERCAVITATING HYDROFOILS OPERATING NEAR FREE WATER SURFACE 69

REFERENCES

. Tulin, M. P, and Burkart, M. P.: Linearized Theory

for Flows About Lifting Foils at Zero Cavitation
Number. Rep. C-638, David W. Taylor Model
Basin, Navy Dept., Feb. 1955.

. Green, A, E.: Note on the Gliding of a Plate on the

Surface of a Stream. Proe. Cambridge Phil. Soc.,
vol. XXXII, pt. 2, May 1936, pp. 248-252.

. Perry, Bryne: Experiments on Struts Piercing the

Rep. No. E-55.1 (Contract N123s~
(Avail-

Water Surface.
91875), C.I.T., Hydrod. Lab., Dec. 1954.
able from ASTIA as AD No. 56179.)

. Eisenberg, Phillip: On the Mechanism and Preven-

tion of Cavitation. Rep. 712, David W. Taylor
Model Basin, Navy Dept., July 1950.

. Wadlin, Kenneth L., Ramsen, John A., and Vaughan,

Victor L., Jr.: The Hydrodynamic Characteristics
of Modified Rectangular Flat Plates Having Aspect
Ratios of 1.00, 0.25, 0.125 and Operating Near a
Free Water Surface. NACA Rep. 1246, 1955.
(Supersedes NACA TN’s 3079 by Wadlin, Ramsen,
and Vaughan and 3249 by Ramsen and Vaughan.)
Sixth ed., Dover
Publications, 1945.

. Milne-Thomson, L. M.: Theoretical Hydrodynamics.

Second ed., Macmillan and Co., Ltd., 1949.

. Rosenhead, L.: Resistance to a Barrier in the Shape

of an Arc of a Circle. Proc. Roy. Soc. (London),
ser. A, vol. 117, no. 777, Jan. 2, 1928, pp. 417-433.

. Wu, T. Yao-tsu: A Free Streamline Theory for Two-

Dimensional Fully Cavitated Hydrofoils. Rep. No.
21-17 (Contracy N6onr-24420), C.I.T., Hydrod.
Lab., July 1955.

Glauert, H.: The Elements of Airfoil and Airscrew
Theory. Second ed., Cambridge Univ. Press, 1947.
(Reprinted 1948.)

Wagner, Herbert: Planing of Watercraft.
TM 1139, 1948.

NACA

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wieghardt, Karl: Chordwise Load Distribution of a
Simple Rectangular Wing. NACA TM 963, 1940.

Jones, Robert T.: Correction of the Lifting-Line
Theory for the Effect of the Chord. NACA TN
817, 1941.

Shuford, Charles L., Jr.: A Theoretical and Experi-
mental Study of Planing Surfaces Including Effects
of Cross Section and Plan Form. NACA Rep.
1355, 1958. (Supersedes NACA TN 3939.)

Flax, A. H,, and Lawrence, H. R.: The Aerodynamies
of Low-Aspect-Ratio Wings and Wing-Body Com-
binations. Rep. No. CAL-37, Cornell Aero. Lab.,
Inec., Sept. 1951.

Tachmindji, A. J., Morgan, W. B., Miller, M. L., and
Hecker, R.: The Design and Performance of Super-
cavitating Propellers. Rep. C-807, David Taylor
Model Basin, Navy Dept., Feb. 1957.

Tulin, M. P.: Supercavitating Flow Past Foils and
Struts. Cavitation in Hydrodynamies, NPL
(Teddington, England), 1956, 16 p. 1-16 p. 19.

Christopher, Kenneth W., and Johnson, Virgil E., Jr.:
Experimental Investigation of Aspect-Ratio—1 Super-
cavitating Hydrofoils at Speeds up to 185 Feet Per
Second. NASA TN D-187, 1960.

McGehee, John R., and Johnson, Virgil E., Jr.
Hydrodynamic Characteristics of Two Low-Drag
Supercavitating Hydrofoils. NASA MEMO 5-9-
591, 1959.

Parkin, Blaine R.: Experiments on Circular Arc and
Flat Plate Hydrofoils in Noncavitating and Full
Cavity Flows. Rep. No. 47-6 (Contract Nonr-
220(12)), C.1.T., Hydrod. Lab., Feb. 1956.

Newman, J. N.: Supercavitating Flow Past Bodies
with Finite Leading Edge Thickness. Rep. 1081,
David W. Taylor Model Basin, Navy Dept., Sept.
1956.



TECHNICAL REPORT R—93—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

70

— |
018" 0 0 0 0 o817 0} 018" 0 0: 0: 0281 0| 118" 0 0 0 0|28°'L 0 0 "
ZIg" | €900° 060° | 100 680° . ZL°T: 800" | €IE" | G500° 8.0° 100" : LL0° gLl 010" | 8IE° | $E00° 8¥0° | 200" | 9F0° LT | 910° ¥ !
€18° | 0¥30° 117 | €00 891" | 19T | ¥10° | 918" | T120° 1610 Y00 LyET | €9°1 | 610 | L2387 | 9€10° 960" | 800" | S80° | ¥9°T | 1£0° 8 i
918" | L190° ¥ 900 182" 18°T | 000" 02g " GSP0 - ¥ic 600" G0% 16°1 | 250" gge” | 9080° Pl 610" 91" PS1 | SYO° gl
218" | G180° ¥e° | 110 €65° | OP'T | 920" | 128" | €8L0° Lo 910" | 992" | T¥'T | GE0° | ¥E" | 8FGO° 161" | 280" | 661" | S¥'I | L90° 91
0zg " | 081" 0 89¢° | 910 ghe" | 0BT | 0807 | 928" | €8I 0 qze | ¥G0° | 108° | TEL | 1RO | 6%E° | 6980° 1] GEg" | 8VO° | L8T° | 9£°1 | 890" 174 0°g
18" 1 9900° 60" | 100 960° | ¢8°1 | 800" | ZIE" | 8S00° $80° | 100" | 280" | 98T | ¥TO° | FIS" | GEOO° 090" | 200" | 8%0' | 98°T | LI0° ¥
218" | 650" Z81° | €00 8LI" 1 BL'E | 6107 | €I18° | T&C0° 8S1° | ¥00 YL | ELTT | 1RO° | ¥CET | E€FI0° 101" | 800" | ¥60° | GL'T | €80° 8
y1€° | €960 ° 99¢ " 900 08T 09°1 | 230" JAt 890" 958" 600 815" 19°'1 | 620" | £88° 0280 " 191 610° Cer” Yo' LV0° (44
918" | €260 ° gze’ | 110 ZIe" | 6V | 9207 | 618" | LI80" @8z | 910 0L | 6V'T | 980" | 1¥E° | 8990° 861" | 80" | 291" | ¥S'I | 650° 91
818" | 998T° 0 e | 910 8GE° | L8°1 | 180" | €28° | 9881’ 0 oFe" | ¥20 91€" | 6€°1 | €0 | BPE" | Z680° 0 ¥ | 8YOC | 4617 | S¥°I | 1207 14 02
<0e " 0 0 0 0S0°C 0| 908" 0 0 0 0|97 0| S0E" 0 0 0 0] 90°2 6| 0
01€" | 6900° 001" | 100 660" | Z6°T 1 800" | O1€" | 0900° 980° | 100" (S80° | €6°I | TI0° | £1€° | 9800° 250" | 200" ;0SO° | ¥6°T | 8I0° 4 ;
608" | €920° 181 £00 ¥8I' 1 8L°T | GI0° | 2I€" | 600" €91° | ¥00 6C1° | 6L°1 | 120" | $2€° | 9¥10° ¥OL° | 800" | 960° | Z8'T | ¥80° 8
187 | 6990° €98 900 pA S9°'1 | 350" SIE” G6%0 8€G° 600 ¥z 29°1 | 080° 188" | L380° eer” 610" | 981" 0L°T | 8%0° cl
cIg” | 9¥60° 0gg " 110 61€ " 8¢°T | 220° 81" | LERO" 6T 910" | 945" 8C°T | L8O ope” 2850 ° 803" [41 11 69T | 190" 91
2187 ) 08T 0 8T | 910" | B9E" | IPT | GEO° | 128" | OLTL° 0 6ve" | ¥20 GZET | ¥RT | FPROT | LPET | ¥IGO® 0 163" | 8¥0° | 80C° | 0S°I | 8L0° 0z 01
208" 0 0 0 0| 81'g 0| €0g" 0 0 0 0|81¢C 0| 20e" 0 0 0 0|12 0/ 0
S0g" | €L00° #01 100" | 801" | 30°% | 600" | 208" | €900° 060" | 100° | 680° |€0'Z; TT0° | 60E" | 8E0Q° gc0” | ¢00° [ €50° 1} S0°Z | 810" ¥
01€" | ¥430° 61 €00 61" | L8°'1 | 910° | 608" | OFCO" TL1° [ %00° | 2917 | 68°1 | 00" | &€’ | 2910° 801" | 800" [ 00F" | &6l S€0° 8
118° | @850° | 2%4 900 89G° €LT | 830" yig” L160° v 600" | €82 GLT | 180" | OEE” 0780 " 091" 610° Wi 6L°1 | 050° [49
SI¢" | 6860° Sve" | 110 VEET | 19°T | 820" | 918" | LI80" 908" | 910" | 062" ! T9'T | 8€O" | 288" | S090° 012" | 280" | 8LT° | 89’1 | €90° 91
918" | 2CFT" 0 668" | 910 €8¢ | L¥'T | 80" | 028" | PISL” 0 198" | ¥20° | 2887 | 09°T | S¥O° | GPE" | 9€60° 0 267 | 8¥0° [ 603 | 991 | ¢L0° 14 g
66%° | 8L00° 111 100 T | 2172 | 600° | 308" | 2900° S60° | T00° [ ¥60° | LIz | GI0° | €087 | 1¥00° 8¢0° | 200" [ 990 | 05Z ) 610° ¥
608" | 6800 ° 90% €00° ] €0&° | 00T | 910" | 90€" | 2¢c0’ 081" | ¥00° | 941" | 10°C | €20 | Z1€° | 0910° €11 | 800" [ C01" | 90T [ L8O~ 8
808" | TI90° 182" 900 18¢° ¥8°1 | €20° (116 6€50 ¥ez© | 600° 9 98°T | 280° 74 $980° L91° 610" 8F1° 06°1 | 260" cl
118" | 0801° 868 ° 110" ic 69°1 | 660" yie” £160° 81" | 910~ 0L " OL'T | 680" | €ge’ 2590 ° L1z 80" C8T° {1 9L°T | S90° 91
¥1€°0| S0S1°0 0 €I¥'0 [ 91070 | L6870 | €9°T | $E0°0 | BIE0 | 2SET 0 ] €80 | ¥30'0 | S¥E°0 | 9T | 9¥0°0 | THE'0 | 29600 0 ¥92°0 { 8Y0°0 | 912°0 | ¥9°1 | LL0° 0z | S50
g o11es 303dsy ¢ o118l 1adsy 1 o13e1 39adsy
2 sug sug | 2 sue sue 2 sue sue | gop | ojp
v o] 1pel kol *10 | Y10 w | -lpes | g a9 -pel ol 1) | YD w | -pel | ®r a9 -1pB1 ke *TH | VI w | -iper | ‘©
£l o ‘3 ‘to ‘3 Yo

HHIIWAN NOILVLIIAVD OYHZ LV HDVAYNS DNILAIT LVId V 40

[0=""7) ‘0="V]

I H1dVL

SOILSISHLOVAVHD AULVINDIVD




INVESTIGATION OF SUPERCAVITATING HYDROFOILS OPERATING NEAR FREE WATER SURFACE 71

TTTT {86007 | SPCT | 9FTC | €00 | €BLC [ GO°T | Q10T | TTU7C GEOO™ | 6S°T | 221" | ¥00° | 31" | €9°T | 910" | ="~ | 9200° | €8°T | €80° | 600" [ ¥20° | L9°T | 920" 0
ey | 0810° | 69° TCC" | 900" | 9KGT L PYCT | 6107 | ¥EFT | BOIOC | TL° 861" | 010" | 881 | 99°1 | 920" [ 9S%" | 91107 | 28° GeL" 1 030" | SIT° | 8¢°'T | THO° b4
68" T1%0° | S1° 6" | 110" | 182" | ¥%'T | ¥20° e 9820° | 08" 293" L10° Eic S¥°T | €20° ¥o¥° | 8L50° | 167 GBI | $80° | 1ST" | 6% °'T | ¥590° 8
88" €8LO° [ TO°— | $9€° | 210" | 288" | ¥8°T | 020" 688" 690° | 90° 0zg" 9%0° ¥65 ° Ge°L | O¥0° 1% | 9190° | L0° €2 | 190" | €81 | OP°T | 990° 48
$LE” SLIT" | $1°— [ OIF" | 920" | 988" | SC'T | #80° 08¢ " L2017 | OT°— | %8 ge0" 66g " LT | 9%0° C0¥° | ¥280° | 80— | C8Z" | TZ0° | 116" | 1€'T | LLO® 91
89¢" [ 1291 | 2g'— | 8FP° [ 080" | 8IF" | ¥I'T | 880" | GLE” 191" | 61°— [ STP" | 9F0" | 698" | OT°T | 160" | Q0% | ¥0CT" | 61°— | 928" | 160" | $€C~ | ZT'T | 980" | 82ST1° 174 0
1oy €810° 1 99" 8CZ° {900 | 2Tc" | 09°T [ 610° Loy e910° | 29° 20z 600" 861" 29°1 § 930" 9vF " | ST10° | 88° 081" | 610° | L11° | 99°T | 90" 4
68" 82F0° | 91" $O€° | TT0" | €6%° | 0S°T | 620" 668 ° 16€0° | 81° 893" 910° fas 19°1 | #80° 619 | LL20° | 68" 8BI" | BEO" | 99T | LS°T | LSO° 8
628" L0 0 €9¢° | 910" | L¥E" | 668°T | 080° €8¢ " 0690° | 60°— | L2€° 20" g0g " er°l | 190" 90%° | 6190 | 80° 96%° | 6%0° | L81° | 9%°1T | 8Y0" 48
0.8 | OLTT" | 91— | 91F" [ £20° | €68 | 83°T | 680" | G48" | 1601 | 91— | 828" | ¥80° | ¥¥€° | E'1 | L¥O° | T0%" | 080" [ 80— | €8G" | 600" | $1G° | L§'T | 8L0° 91
998" 91" | 82— | T9%° | 080" | TEF° | 8I'T | 680" | TL&" FOU | ¥C°— | %ZF° | FRO° | 8L8° | TTT | 2S0° [ 8687 | G6IT° | 81°— | L& [ 680" | 86G " | L&°T | L80° eI’ 02 0%
yyyyy $600° [ 8P°T | 0OST" | €00 | ZFT" | ¥8°T | 210" | ~~°°~ | 6200" | ST |[&81° | ¥00° | 8GI™ | S8BT [LI0° | ~777 1 9300 | 8'L | $80° | 800" [ 920" | L8°T | L3O~ 0
61F° | 8810° | L8~ €83 | 900" | 2g%° | OL'L | 610° | 92F" | 6910° | 09° 805" | 600° | 661" | €L°T [920° | €pF° | OTI0° | ¢8° 8el" | 810" 1 031" | OL°T | €%0° 4
068" 9e%0 " | 91° 01¢" | 110" | 663" | 69T | 920" 168" 00F0° | 91" 9.3 910 092" 09°1 | ¥80° 917" | 8L20° | g€ 161° | 280" } 691" | 69°1 | 250" 8
618" 0L20° | TO'— | 28" | 910" | 8G€° | LP°T | 180" 18¢° 9690° | ¥0°— | 6€8° 20" € 0S°T | ¥0° POP " 1 LISOT | BOC T2 1 630" | 861" | ¥9°T | 690° [4)
69¢° OLTT" | GT°— | 9TF" | €G0° | €0F " | $E°'T | G€0° [ 25 6111° | 91°— | 688" $€0° gge” LE°T | 8%0° 668" | 1680° | 80— | 062" | 890" | 3GG" | €71 | 080" 9l
$9¢° | SPO1° | P — | WP | 080" | BBPC | $ET | 6607 | 128" | OSSIC | ¥&— | BPEPT | BRO" | 06€° | 92T | 890" | 46§ | 1081 | 81'— | TEE" | 680" [ € | 1€°T { 680" | OI80T° 174 01
..... sl e L 1ert [ 2000 | 6%1C | 9671 {2100 | Tt | vttt | cttttoieert [ %000 | 621 [ 96°T | 2107 | TTTT [ tttoTf 77ttt L GROT 800 | L4207 | 66°1 | L20° 0
i35 0610° | 8%° 96" [ 900" | 982" | I18°T | 060" 0Ty e910° | 257 g1z’ 600" €0z " 28°1 | 980° 87 OpE" | 810" | @31~ | 98T | €80 ¥
98¢ ° 05%0° | 11° L1€° | 010" | 208" | 29°T | 920° 68 90%0° | L° £8Z " 910° 292" 69°T | 660" 119 P61 | 180° | €91° | $L°T |} 890" 8
GL8" 10080 { 90— | ZBE™ | 910 | 998" | €671 | 160" | 62" | 610" | 80°— | ZPE" | ¥GO° | €& | LS'L | EFO° | 6687 Lpe | SO 6617 1 €9°1 | 1L0° Z1
G9g" 92g1" | 81'— | 66" { 3T0" | LT¥" | 1¥'T | 920" 18" ZGT1° | 06°— | L68° £80° 98 ° £F°T | 6%0° 68" €62 | L90° 922" | 61 [ 180" 91
19¢° 00LT° | 86"— [ I8F" [ 680" | 2% | 8C'1 | OF0 " 898" 6191° | 86" — | 9§V " 90" 0% * TET | €507 68 ° 66E | 880 | 162" | AE°T | 880" T6E01 ° 0z g
01%° | 2610° | ¥%° 9pC" | 900" | OVC" [ G6°T | 050" | O1F° | 8910° | 8%° 20" | 600" |80z | ¥6°T | 920" | €8F° | GT10° | 99° OF1" | L10° | €81° | 26°T | ¥30° 4
88" 09%0° | 90° $2€° | 010" | $18° | 9L°T | L20° 688" awo- | 607 €62 " 910° ¥.5° 8L°T | §€0° 80%" | 0620° | 61" S6T° | 180" | SO1° | €8BI [ 660" 8
128" 6280° | OT'— | Z6E" | 910" [ 928" 1 09°T | 38O L8 0%20° [ O1'— | 698" ¥20° 828" YO0 | ¥90° 968" | 0¥50° | ¥O'— | 6%C° | LPO" | TOZ" | 69°1 | TLO" (48
792" | 2901 | €2°— [ S¥F° | T30 | 9T | BT | L€0° | 898" | QLII° | €2°— | 60F° | @RO° | A28 | OS°T | 0307 | G6E' | G980 | 61°— | 163" | S90° | BEL’ | 9¢°T | €807 91
8G£°0 | 9FL1°0| 38°0—| 16%°0f 620°0| 29%°0| €8°T | P00 | $9€°0 | TFOL 0| Z€°0—| 8SF°0 | £¥0°0 | OIF 0 { 2E°T | 9S0°0 | 16€°0| 9531°0| 9T 0—| ¥¥E 0| 8800 YST 'O €L | 160" 6600 0% A
G o19ea J0adsy ¢ a1yer j0adsy 1 orjua j09dsy
sue 39p
P sueg suwg 2 sus suw 2 suw suw -1pel ‘o 2fp
Ty L) sped | 1D (1) | VI | w | -IpeL | 4 aQ | el | 1D 21y | M) wo| -per | 4 a9 spel [ 1D [V | V1D | w | -1pRd o
°z L ‘o °z ‘3 ‘to0 °z ‘3 2

YAIWAN NOILVLIAVD OYHZ LV HOVAUNS

961°0=""7D ‘23z 0=~ (®)
DNILAIT DUV dVINDUID V A0 SOILSIYHIOVAVHD dULVIADIVD
II 41dV.L




TECHNICAL REPORT R—93—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

72

: |
Tt | OPI0° | 26T | ¥AZC | G107 | 398 [ 8FT | €207 | TTU7C 9g10" | 8T | 9¥G" | 810" | 828" |6F°'T [ 080" | ~777 [8010° | 9'€ | GLI" [ SEO" | OFI | 8GT | 050" i 0
ogF- | 1S60° | €8T | OFE- | 810" | 228" | 28T [ 820" | 09F° | GEE0' | 90T | 08" | 920" | ¥82° {OF'T | 8€0° | L% | 19G0' | SET | L33 | €S0 | ¥AL' | EV'L | £90° ¥
0eh- | 0090 | 02°T | Z0%° | S20° | £28° | 82T | €0° | ®CPT | G390 | TPCL | 898" | 180" | T€E | OE'L | SPO° | 8SP' | VRO | L9°1 | 186" | BLO | 2087 | PE'T | G40° 8
STp | GHOL° | LL° €Sk 1 2E0 | 1gk° | ST | 880" | To¥° | 28607 | 96° SIF° | 80" | 028" |[OCT |10 | ¥FP° [ 8620° | SO'T | 8GE | 960" | 3€C° | T | §80° 4}
¥y * ¥6¥1 Ly 86%° | OF0" | 8SF° | 60°T | 10" 1 TIPT° | 6S° ¥o¥ - 090" $O¥ - 11T | 960° 9ep " | LLIT 0L” £L8 611" | ¥53° | 91T | £60° 91
¢6g° | 96617 | 61" GeC" | 8P0 | L8F° | 00T | SPO° | €OF° | 9681 | 1€° 106" {1207 [OSF° | ZO°T | 090" | OBF | 0291 | I~ PIF- | THI" | GL3° | 20°T | 101" | SL08C° ; OQ 0°¢
I
sFp- | 2080° | #8°1 | obe | 910" | oee" | ¥B°T | 820 | 9¢k | 8€€0° | £6°T |GI€T | ST0° |28 | LvI | 6807 | GLFC {00 | €8T | 9% | 1907 | GLI' | €91 | 90" | ¥
ird 2 $290° | 02°T SOF " | €00 | T8E" | GE°T | ¥EO° o8P 2090° | 831 eL8" 9e0" ¥ee” gel | S¥0° 86F° | 00S0° | 09°T 6.7 | 120° | 80" { ¥ '1 | 9L0° 8
1IF° | 6901° | 64° 65k | 160" | ST | 13°T | 8€0" | SIF° | 0660 | ¥8° Ogh: | 2¥0° | €28 | 821 [ 290" | 6€F° | S080° | 90°1 | Llz8° | €60° | ¥EZ" | 1€'1 | 980" 1)
86¢ " 8ICT" | L% T0G° | 80" [ €99 " | TL'T | G¥0° 0% 8GhL" | 06 9% " 860" 80% " gI°T | L60° ey | I8T1° | OL° L8 QUL | 2LSC° | 0C°'T | S60° 91
68 | 808" | 0C° OFG' | 9%0° | ¥6%° | 10T | 9%0° | 00F " | 0261 | 2T~ 2087 | 690° | 8€F" | SO'I | 290" | LZb° | S€91° | OF° SIF" | 681" | 928" | 1°T | €01° fes 14 07
..... ep10° | 262 |18z | 110 | 022 | $9°1 | €207 | ~vc7 | ge10° | 0€ [0Sz | Q10" | ¥€Z" | S9°T | 180T | T°7 | 6010 | 9°€ | GLT' [ Q€O | €FI° | OL'T | 1S0° 0
Ly 29€0° | 68°T ¥sg° | 910 8CE" | 89T | 630" osh " PEEO0" | €6°T 91¢” ¥30° 268" €S°T | 680° gLy $920° | 8€'G 65%° | 6%0° | O8I | 69°T | 990" ¥
yob- | 18007 | 021 | S1H" | €20 | 268" | 0BT | ¥EO" | O8%' {0890 | €2°T [O0S€" | 80" | S¥E" | BT | 9PO" | 2SH | 66F0° | 09°1 | £8¢° | 690 | PIZ | 6% T | LL0° 8
680F ° PL01° | 6L 29%° | 080" | 8% | 82°1 | 8€0° L1 ¥660° | 18° (4 9%0" £88° 0€°1 | 560" 8% | Y080" | 80T z€8 | 1607 | T¥G" | LE°1 | L8O° cl
86¢ 086T" | LP 116" | 880 gLy | LL'T | THO° 90 9ePL" | L¥” Gy 280° 81%° 0Z°1 | 860" 08P~ | S8I1° | OL° 287 | PIL [ €987 | 9C°T | 960° 91
168" | €¥0C° | 0C° 8PS | 9¥0° | 306" | LO°T | 9¥0° | 6687 | PE6I" | 1T PIST (890" | 9FF° | OT'L | 90" | 92k | 891" | €%° SIP | L6817 | 183" | O1°T | ¥OL® | 0991T° [14 01
............... €8 | 010" | 848" | BL°T | €20° T TR T 148 ¢10° 98¢ " LT | 1€0° Tttt Tttt b TTTTT L @41 | 0807 | €FIC [ 08T | 1907 0
evb: | 0980 | ¥L°T | 698" | OT0" | £¥€° | 19°T | 630 | ISP" | €680° | I8'T | 338" | €60 |66 | 89T | OO | OLp° | LOZ0° [ 92°C | 62¢° | LPO° | Z8I° | 89°T | 690’ ¥
0ZF° | 1890 | BO'T | ¥ZF° | 220" | GOF" | 8p°T | SE0° | g2F: | 0990 { OI'T | €Se° | €60° | 06E' | 0S°T ; LFO" | 6FF | ¥6RO° | IST | V8" | 990" | 813 | LG'T [ 8L0° 8
90" | 1601° | 89° Ly | 600 | SFFC | 9€°T | 6807 | €1F° | L0OL° § OL° 8eh" | ¥B0° | ¥68° | SE'I [ €50° | ¥EF° [ 0080° 1 00T | €EE° | 88O | SPC° | ¥F T | 880 [41
968" 1661 | 88° %S | 2807 | S8V [ €271 | €80 0% ° 16917 § 0F° £8F 60" 8gF ° 9z°1 | 650" LoF 1 81T | 19° 08¢ | ITI 69" | £€°T | 860" 91
688" | 120" | 81" 699 | GPO° | PIS | QLT | 9¥0° | 96€° |} 9S61° | ¥I° 226 | 290" | Sy | SI'T | £90° | 12¥° | 18917 | 8T° TeH" | VeI | 88 | €31 | 017 | 0080Z" 02 g*
OFF° | 6680 | 29°T | T9e" [ STO" | 9FE" | OL°T | 620 | PP | 1860 | GLT | 938 [ 230" | £OET | €L°T | OPO" | 89FT (G920 | FIG | 633 | ¥FOC | GBI | 0BT | 990° 14
91p" | 3890° | 86° IeF° 1 1207 | OTF" | GS°T | G€0° | 12%° | 6990° | 10°T [68€° | 180" |8SE" | 6S°T | LpO° | OFF" | 06%0° | OF'T | I8C" | €90° | 812" | §9°T | 8L0° 8
¥Oo¥° | 1011 | 09° P8V | 820 | 99%° [ CP°L | 6807 | OTF" | SIOL° | ¥9° eFp 1 3P0 | TOP° | 9F°1 | €S0° | 1EF° | 86.0° | 06° ¥ee° | S80° | 6FC° | 28T | 680° 4
68 - $9¢1° | 08° 82¢° | 9€0 c6% " | 6C°T | £¥0° 10F° 19%1° | ¥€° 88% €60° GEF £8°T | 660" goF " | I8TL fat 08¢" [ 201" | €22 [ OF'T | 660" 91
98¢ 0 | $80G 0 90° 995°0| ¥50°0] 2250 91T | 9¥0°0 | $6£°0 | 6961°0| 01°0 | 223°0 | $90°0 | Z9F°0 | 12T | €90°0 | 8I¥ 0 SZYT 0| B0 | €¢F 0| 0LI°0| £62°0| 8L | 9010 861°0 | 0C A
¢ o1jex 103dsy £ o118l 103dsy 1 o131 Jo3dsy
sug

) sus sue ) sue sue » sus sue -ipet wﬂu ap

oy |ao | |1 ||| w | & o |B¥ ] (o | v | w (B &z | o |BH ] n |t w | TR

YAIIWAN NOILVLIAVD Q¥dZ LV HOVJHAS DNILJAIT DUV UVINDIEID V 40

68°0="""0 ‘¥Fp 0=4(q)

papnpuo)d—I1 H1dV.L

SOILSIYHLOVAVHD dILVINDTIVD




INVESTIGATION OF SUPERCAVITATING HYDROFOILS OPERATING NEAR FREE WATER SURFACE 73

TTTT | 62007 | STTT | BT | Q00T [ TRLT [ S9TT [ TTI0T | TTTC P TIR00C [ OPT | 921 | ¥00T [ 2ZB1° | 99°T | 910" | T77C | 12007 [ 9T | 280 [ 800" | ¥L0° | 89°T | 930" 0
¥e7° [ 910" | o1° o | 900° | 91" | €9°T [ 810" | 199 | 0S10° | €€° 261° | 600" | 881" [99°T | 930" | LLF° | €O10° | OF%° 181° | LI0" | #11° [ 8S°T | T#O° ¥
8IF' | 9680° [ 0S°~ | 063" (OI0' | 08%" | PF°Y | ¥G0° | ¥CF° | 0980° | ST°'— [ 09%" | 910" | ¥$2 SP'T | €80° | CFF° [ 920" | 8T'— | I8L" | 1€0° [ OST" | 6F°1 | 50" 8
268" | TTLO° | SGT— | P9L° | OT0" | 8ELT | GETI [ 00" | SCV° | ¥990° | €p°— | L1€° | ¥GO" | €63 | GE'I | OPO" | To¥' | €8V0T | GF'— { 06T [ SKO" | T8I | OF'T | 990° z1
G8E" | 6ITT" [ OL'— | 90F" | 220" | ¥88° | SC'1 | $EO° | 988" | GZOL " { 19'— | 69" | 680" | 9€8° [ OZ°1 | 9%0° | €IF" | CBLO" | 09'— | LL2° [ 290" | 01" | IE€'T | 920° 91
6L8° | 89G1° | Z8°— | OFF" [ 620" | LI¥" | PI'T | 2807 | ¥BE" | PSPIT [&L— | GIF" | ¥BO" | B9ET } OU'T [ 190" | OTP" | SPI1" | LL'— | 1€ | 880" | €8¢ | TG'1I | 980" | OOBIT" 0z 0°¢
Lyp™ | OLTO" | T 92%° 1 S00° | 0% | 39T | 610" | 99 | 0S10° | €2° 861" [ 800" | 06T | ¥9°T [ 920" | 89%" | €010° | OF PEI° | 9107 | 8IT° | O4°T | 190" |4
TP | GTIP0° [ 18— | 86T | OT0° | 88%" | 1S°T [ 20" [ 6IF¥" | 0480° | 08'— | $92° | ¥I0° | 09" | €9°'T | $80° | %€ [ 66C0° | 06°— | 181" | 680" | 391" | 8G'T | 950" 8
6E" | BGL0" | 697~ | T9C° | CTO" | 9PET [ OR'T | 080" | 868" | L2900 | 6F°— | 928" | €20° | 208 | GFT | T¥O" | ATFC | OBPO" | OF"— | TET° [ 9%0" | 981" | L¥°Y | L90° cl
08" | QSIT" | €4°— | €IF" | 120" | 268" | 62'1 | $EO° | 688" | @SO1° | Y9'— | $2&° | 280" | T¥E ZE°T | L¥O" | L0F° | 00RO’ | 69°'— ] 6L | 990" | BIG" | LE'Y | LL0° 91
€L8" | 2T9T" | €8°— | L9F" | 820" | 6TF° | 61°T | 680" | 088" | S6¥1° | 8L°— | 8IF' | ZHO" | 9i€ &1 | TG0 | GO¥° | LLITT [ GL'— | TZET | B0 | 98G° | LT'1 | L80° o1 0z 14
..... 6200° | ST'T | OB | Q00" [ ¥PI° | 98°T | QIO° | 777 | 8%00° | €C°T | ZZ1° | €007 | BZT" (98T (910" | 77T L 100" | S§°T | 080" | 900" | L0 | 881 | 930" 0
Svh- | 8910° | 9T° 08C" | S00° | S2&° { GL'Y | 610" | 0S%° | 1S10° | G&° €0z" | 800" | 961 €L°T | 920" | 99%° | SO10° | 1¥° ¥eL° 1 910" | SI1° | AL°T | &0 ¥
OTF" | %1¥0° | 0£°— | 08" | 010" | 6%° | 6S°Y | 50" | OIF" | TL80° | €6 — | 022" | ¥10° | 992 GO'T [ #80° | ¥8%° | 0920 | 2 '— | 981" | 680" | 491" | 991 | 990" 8
268° | BQL0C | 99— | 1L | STO° | 99€° | 8P°T | IS0 | 968" | 9890° | 16— | PEE" | €GO | 1€ 0°T (2P0 t LT%" | 96F0° { OF'— | 98C° { S%0° | 161" | $C°1 | 890" 41
68" | €Y1 | 0L°— | €2 | 130" | CO%" | G€°T | 980" | 988" | 290T° | 29— | ¥8E" | 280" | TS€ L8°T [ 8%0° | 0% | 1080° | 6S°— | ¥8C" | ¥90° | 03T | €¥°I | 640° 91
TLE" | L8917 | ¥BT— | 8YP" | BGOT | OWP" | PCCT | 6807 | 6287 | 801" | 6L°— | 6% [ THO" | Z8E° | 9Z°T | €907 | BOP' [ LLIT° | GA°— | 82 | ¥BO" | PBZC | €8°1 | 680" | SLFOL” 0z 01
............... 9F1° [ TO0" | ¥F1° | 96°T | TI0° R AN £00° 40 6°1 | 910° TTTT T TTTTT 1 0807 | 9007 | RO | 6671 | 980 0
PP | BLIO" | €17 98 | 900" { 18%° | e8°T | 610" | ¥¥P° | 2G10° | L1° L0Z° | BOO" | 661 €8°1T | 920" | 29%" | $010° | 92~ SEL" | S0 [ 021" | 28°1 | 2¥0° b4
YOb" | 82¥0° | 88— [ 118" | 600 | 30" | L9°1 | 960" | 8UV™ {980 | 3€'— | 6L | ¥10° | 993 OL°'T | 980" | 82" | #920° | 6&'— | 881" | 8¢0" | 09T | $4°T | L50° 8
286" | BLLO" | 09— | BL8° 1 Q1O | POE” | PST | IE0° [ 06 [ 0020 | 99°— | W¥¥E' | 30" | 618 28°T | TPO° | 60 | 268%0° | 8y '— | 1¥C° | P¥O° | 261" | €9°T | 0LO° 4
SLE" | 68IT" | GL'— | €8% | 180" [ BI¥" | IP°'T | 980" | 08" | 9801 | ¥2°— | ¥68° | 180" | €98 ¥PCT | 6P0° | GO | TI80° | 99°— | 88%° | €90 | 2% | 06°1 | 180° 91
998" | 899T" | L8 | 6LF" [ 8GO | ISP | 68T | OVO" | PL€° | ¥PG1° |©8'— [ O | QPO [ 86C° |[TE'T | $S0° | 668" [ 061" { 8L — | £8€" | €80 | 0SZ" | 6€°T | 160" | SL0OT" 174 g
0%%° | 9L10° | O1" 68C° | $00° | 98" | C6°T [ CZO° | OFF° | GSTIO° | O1° 60z | 200° [ 102 ¥6°1 | 260" | 19%° | ¥010° | 38" 981" | ¥10° | 321" [ 00° | TFO° 4
10p° 1 82F0° [ 1P'— | BIL" | 600" | 608" | 2L°T (920" | $OF" | ORS0" | 28°— | 683" | €10° | 123" | 6L°T | 960" | g%’ [ 8YZ0" | £5°— | 161" | 220" | ¥91° | ¥8°1 | 890" 8
€86° | GRL0T | €9°— | 88E" | FIOT | £28° | 9T | 380" | 82" | 60.0° (29— | L¥Ee" | 120" | 93¢ 99°1 | €0 | 9G¥ | Q0S0° | TCT— | TFG | GPOT | 00G° | TL°T | 1.0° [48
GLE" | GTTL" ( BL°— | B¥F" | CTO° | ¥C¥" | 8T | 980 | 228" | GOIT' [ 6L°— | €0F" | 080 €8’ [ 19°T | 190" | 668" | S180° | OL°— | 16G° [ 190" | 08C" | 891 | 280" 91
€9L°0 | L69T'0| 68°0—| 68%°0| LZ0°0| Z9F°0| 8T | OPO'0 | GLE0 | 0LST 0| 98°0— | LPF'0 | THO'0 | 20¥°0 | 8E°'T | 95070 | L6€°0| SOZT "0} 08 '0—| 288°0| T80°0] 9SZ'0| 9% ‘1 | £60°0 ¥60°0 | 02 ez'0
g o1jul Joadsy £ o181 YPedsy 1 01381 193dsy
sus dap
2 sug sug 5 sug sus 2 sue sue -1p8aL ‘v a/p
Ch) Q0 Aper (1) | I VI | w | -1pBA T a3 {-pwa | 1) “1 | V10 w | Aper | oo a9 Aper | 1o | ID [ YT | w | -Ipel htd
z ‘o o °z “ “o x “ “o
. ‘ [
96T°0=""7D ‘T'0="y (®)

THIWAN NOLLV.LIAVD OYHUZ LV HDVAUNS DONILAI'T

II1 H1dV.L

LUVIIAI-NITIAL V J0 SOLLSIHALOVAVHD THLVTIAIIV)




; ! [ !
..... 9I10° | 6% T 692" | 010" | 693" | 8%°1 | 220" TTTTT STI0C | IS8T ove " ¢10° 65 ° 6% 1 | 080° TTTT 1600 | SEE 291" | 630" | 881" | 291 ave” .0 : |
q8% 2080° | 8T°T | 98¢* | ¢10° | 128" | %6°1 | 80" | z6v° | €620 | 6F°T | €0 | €30° | 086" | 6£'1 | 880" | 90¢° | 220 | 88T | 025 | 9F0” | ¥2I" | ¥¥ T | €90 [ 4 i i
i34 6860 L8° 968 | 260" | ¥L8 851 | 880 (i1 £690 19° 298" £80° 658 0¢'1  S0° LIy | OFR0" | 86° 1267 | 9907 1 0% | ¢&°1 | ¥L0 : i 8 7 i
98" 1960° | 81'— | 2¥%° | 620" | 8TF" | 8T°T | 280 tas 2680 4% (454 0 89¢ 0G°1 | 190° 9% ° | €220 88 SI¢" | 880" | 086" | 9C°T | ¥80 . el *
cor” P8EL 8k "— | g6% 280° [ 9S%° | 60T | TFO Lol 00€T 8% '— | €SF° e 868 OT'T | 6S0° T9%° | 6201 | §0°— | £9€° | 111" | 26" | 91°T | €60 K 91 i . |
60" | 9981 | 08'— | 63¢° | G¥0" | ¥8F " | 00°T | ¥¥0 L1b" | €8Li | 69— | 86k 290" | T€F" | €0°T | 090" | ThE" | L6FT° | §F°— | ¥OP© | VEL' | OLZ° | 20T | 00T 00822 g | 0°¢
8L [ &180° [ ST'T | ObE" | Q10" | 9g€° | S¥'T | 820 o8F" | 0600° | VT | ¥0E° | 120 e8z" |9v 1| 80" | @0¢T {0220° | 24T | 0G| WROT | QLT ) 19T | €90° I 4 '
6% 0090° | 98" 0% * | 120 88" [ SE°T | €80 [+ 2560° | 6F° £9¢ " 180 2ge 28°1 | 9%0° £Ly° | ¥EF0 " | LB BLT | ¥90° 1 0127 | VT | §40 ] i |
0g¥ 1L60° | G1°— | 26¥ 820" | ¥ob €31 | 280 98¥ * £060 10° yIiv- %0 8LE 9z'1 | 260" 9ev " | 0TL0° | 08" 81" | 480" | €8 | I€°T | 80 g3 :
L% TIFT | 8F°— | 96" | 620" | 09%° | €1°'T | 1#0 (44 08T | OF"— | 19%° | 850 80F"° | L1} 290 oFb° | SLOT" | 91— | 298" | 201" | §S¢° | 2& 1 | ¥60 . 91 7 .
90F" | 0061 | 8.°'— | €8S° [ €40 | 06% " | ¥O'I | S¥0 eIF° | 0641 | €2°— | 20§™ | L90° | S€F" | L0°T | 190 Ovp | S6bT | ¥F— | c0b" | 1617 | ¥23° | 21°1 | GOL° 612 e | 072
..... L110° | 6% T 0L | 800 292 Gg9°1 | 220" TTTTT 90107 | L8 7T {124 €10° L38 99°T | 080 TTTT V800 | e1E €91 0" { 861" | OL°T | 6¥0° 0 h
Ly 10" | 8T'T | ¥¥€° | 10" | 088" | €9°T | 820 8% S8%0" | ¥2°T | 608" | 150" | 887 gg 1 | 880 00" | 8TZ0" | L9°1 | ST&° | TR0 | LLT° | 09°T ; £90° 14
Ly 2090 8 60% 030" | 688 v T | $80 24 6960 9% 08" 080" 0ie” Wl | 950 Ly | 2P0 9L* (x4 090" | 212" | 18711 920° 3
62F 9L60° | TT'— | 69F" | Lg0" | 38%" | 621 | 8E0 254 8060 | ¥0°— | ggF | 1¥O° | I8€" | Q€T | 0G0 | SSP° | L1207 | 187 03e" | ¢80° | 8EZ" | 8T | 980" 143
91¥ * L /%~ | 809" | 80" | 89F " | 811 | &F0 |X44 T€E1 W 1 0p° 360° 81" 25°T | L60° ShP " | €201 0g°— | ¥9g° | V0T 09z | L&Y | 960° 91 3
So¥ 8061 | 82— | T¥G° | 2¥O" [ 66F° | SO'T | §¥O° | TT¥ 66L1° | 92— | 908" | ¥90° | z¥p- | Ti'T | 290" |88k | 86V | T¢'— | 90V | L81° | 64" | L1'L | €017 | 0G60C" 0c 01T
............... 23 | 800" [ $95° | Lt | ge0r | T | TTTtT| T i g¥et | o100 | 0627 | IL°T | 080 T eR00 | TIE | €91 | ¥G0° | 68T | 1871 | 630° 0
(VAN 600 01’1 16€° | €10° | 8¢¢ €9°T | 650° LY 820" | €T°T (48 141 20g” WL | 680° 6% 910" | 8¢°'1 81%° | 680" | 611 OL°T | $90° ¥
[54 2090 (it SI¥° | 610 £6€ 81 | 380° 6%%° G9S0° | 687 98" 820 L¥e 261 | 9%0 L9¥ 80" | 69 LG | 80" | ¥IG 86T | 920° 3
yob | 860" | 81°— | 89%° | 920" | o¥F | 98°T | 680" | O8F° | O160° | L1'— | 8Gp" | 680" | 68€ 661 | 850 I | 61207 § 1T° 128" | 6L0° | ¢¥g” | VT | L8O cl
b | 2zpTc | 99— | ¥iST | %g0- b osy | ¥2c1 | Z80c |91kt | gkl | Sk — | ®¥c | 00" | #ePc | 2271 | 860" | o¥PC | 901" | Lg'— | 298" | 10T° | 9927 | V€T | 160" 91
(AU 0861 88— | ¥9¢ W0* | €19 YL | 9%0° 60% * LOBY" | 68°— | €1¢° 290° 15% ° 91’1 | 290° PP | TOST | 19°— | 60F" | ¥CI" | 98" | €21 | #OT” GLOOT * 14 g*
99% * 2080 6" 1€ TI0° | O¥E" | SL'T | 620" LY £8¢0° | ¢0°'T yi1g” 810" 96¢ €11 | 680° g6k | 0150 | €81 L12° | 26807 | OST" | 18°1 | £90° 4
687 8090 | 91° P 810" | 668 26°1 | ¥80° 9¥F " 8660° | €57 828" 9%0° coLe” 19°7 | 2¥0° 89% " | TT¥0° | 29° TLG° | 607 { 1% | L9°T | 9L0° 8
125" G860° | 08— LY §%0 0s €V T | 680" Loy e160° | 96"~ | 18F " 980" <68 Ly | €S0 9bF " | 80L0 20’ 108 SL0 74 €61 | L80° ¢l
80F 8EVT 99— { 028" | 280 88p° | 08T | Gb0° ¥iv-" GYET" | 66— | 6LF " 0" [as €€°T | 690° 8% | 890T" | G€°— | 998" | 260" | 692" | 1v°1 | L60° 91
00 °0 | CF6T 0| ¥6°0—| 895 °0| 0¥0 0] 8190 ST'T | 9¥0°0 | 20F°0 | STST 0| 68°0—| SIS0 | 630°0 | 95¥°0 | 1Z°T | 90°0 | OE¥ ‘O S6¥T°0| L9 0—| 800 0ZL 0| 882'0) 8T | SOT'0 161°0 | 0 sz'0
¢ onjex 19adsy ¢ onjer 1dsy T 01781 309dsy
sue 39p

Py sug suwg 5 susg sue 2 sus sus -Ipel ‘o ofp

oy ay | -pel | 1D | *'I) | VIO | w | -Ipel ) o Q | e 1D >y | T wo | -per | o | 90 (PRI | 1) | *YID | VD | w | -Ipel htd
z ) 4o °r ‘5 “n T L “o

TECHNICAL REPORT R—93—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

74

26€0=r"D 70="v (Q)
MAIIWAN NOLLVLIAVD O4dZ LV ADVAYNS HONILAIT LUVIUNG-NITAL V 40 SOLLSIHALOVAVHD dILVINDTIVO
papnpuo)—JII ATdVL




..... €300° | 367 epT° [ 200° | TPT° | L9°T | TI0° Tttt 300t | P 8a1" 200" 121" 99°1T | 9T0° =" ] 91007 | 92T 8L0° | S00° | €40 | 89T | 950" 0
289" 0p10° | 5&'— | 612" | #00° | §18° | 99°T | 810" JizN 810" | 61°— | ¥61° L00*" 281 99 °'T | 960" 19¢° | L800° 0 9Z1° | 810" | €I1° | 89°'T | O¥0° 4
$Lb: | 9980 | 96°— | 28T | BOO' | 623 | ¥H'T | ¥20° | 6LF° | ¥2EO % | 0B'— 9cg° | 10" | evac | Sp'r | 220" | @6¥%" | 9230° | 6L '— | 91T | 930" | 091" | 6% I $90° 8
Wh° | 2990° | 23°T—| 8p€° | 10" | ¥8€° | ¥€°T | 6207 | L¥¥° | G080 | ¥I'I— s1g” 120° | %6 |9e'1 |0Op0" | ¥OF° | 28%0° | OU'T—| 232 | 170" | 181" | 6€°T | 990" [48
, (4 6801 | 0S°'T—| 00F" | 030" | 08" | $C°T | ¥80° 4 0960° | OF 'T—| L98° 080" 188" 22°T | 9%0° oy | 2120° | 98°T—| 892" | 650" | 602 | T1€°T | 940° 91
| 90% * 6SF1° | 04°T—| 68%° [ 920" | €TF " | SL°T | 480~ jai L2817 | 19°1—| O1%° 0%0 " 0Le” LTT | 1607 260 | $90T° | g8 1—| LIS | 080" [ 186" | TC'T | 980" ere’ 0z 0°¢
$2e° | 9BT0° 98— | 22T | $0O" | 815" [ 99°T | 610" 18¢° 1210 | 83— | 961" | 900" | 061" | 99°T | §20° 196" | 1800 | #0° 921" | 210" | PIT" | 89'T | Zp0° ¥
9F° | 92807 | 96°— | 6C° | 800" | 283 | ¥9°1 | 9GO’ 0L% " 0£€0° | 88'— | 09C° ZI0" [ 8%C° | PEL | 807 16%° | 6820 | TL'— | GA41° | $20° | 191" | L§°T | #80° 8
ep” 2600 | 63°1—| 098" | €10° | 2¥C° | ¥¥ L | 0€0° 8¢¥ 0290° | 2¢'i—| 128" 610" 208" ST | 030 GeF" { OFF0" | O1'1—| 282" | 660" | 881" | 8F'I | 890° 48
eTF" | 8201° | 09'T—| 31% | 610" | €68° [ 381 | ¥60° ({42 6860° | OF'1—| 2L8° | 820" | ¥pE- | PE°L | LPO" | 88" | 0840 | €8'1—| ¥4T° | 890" | 912 © | 88°T | 8L0° 91
Z0F° | 0gS1” | ¥9'I—| 8SF° | 920" | @8F" | TG°T | 880" 80¥% * ZIFPT" | 98°1—| 91F" | 880" | BLE~ $2°1 | 290° | 0SF° | 601" | 39°1—| 91" | 820" | 883" | 23°T | 280" 801" 0z 0°C
..... 00" | 08° SpT° | 100" | G¥T° | 98°1 | 2I0° TTTTT 108000 | 187 GZ1* | 200" | €21° | 98°'T | 910° STt 91007 | @30T | 2407 | F00° | €207 | 88°T | 9207 0
0z6* | obi0° | g8'— | 82Z° | ¥00 | ¥@T | BL°T | 610" | 82¢' | 8BI0° | 18'— | 00C° 900° | ¥61° eL'T | 920" | €8¢° | 0600 | ¥O° 621" | 210" | 211" | LL°T | &P0° ¥
19%° 80 | 66°— | 108" [ 800" | €63 | 6¢°1 | 920° 89% 680" | 18— | 89C° t40N 99" 19°1 | #80° 8% | 2820° | 04— [ 081" | 30" | 9S1° | 9°T | 990~ 8
08¥ * 0020° | GZ'1—| 89" | €10° | €98 | 8% 'T | 180~ 96% " 6290° | ¥¢'1—| 628" 610° 018 06°1 | 130° eoh | SHPO° | O1'1—] 622 | 660" | 061" | ¥S'T | 890" 4}
€1 801" | 0¢°'T—| 22y | 610" | €0% " | 98°1 | S€0° 61% " 8660° | 0¥ '1—| 188" 860" gs¢” 88T | 8%0° oy | L820° | 28'1—| 82" | L90" | 18Z" | S¥'T | 080" 91
00% " GGQT" | 29°T—| 89F" | 920" | T¥P' | ST'1 | 6807 90¥ 6ZF1° | 85 '1—| 92%° 880" 888" 28T | €907 8ZF' | 9801° | 39°1—| 138" | LLO" | ¥¥C" | €8T | 880~ yor* 0z 0'1
............... PP1° | 100" | €¥1° | L6°1 | 10" I D D R4 00" ge1 " L6° 910" mmes |t vt [ L0 | B00° | €207 | 00T | 9507 0
yic- | ep10° | op'— | geg- | w00 | 65z |81 { 6107 | 23ec | 83107 | 98— [ ¥0Z | 900" | 861 | €81 | 930" | ¥PS’ | 16007 § O — | 8L 110" | 2317 1 €8°T | 130° ¥
Gep " 18¢0° | 00°T—{ 01€" { 800" | 20€" | 89°'T | 920" 9% " 1580 | 96— | ¥L&° 110" €9G° 0L'T | G807 8% | 0820 | 9L — | @81 | €60 | 6GT" | ¥L'T | 990° 8
98" [ 210" | ¥9€° | €¢°T | 280" 189 8690° | 83 'T—| L88° 610° 818" 2871 | 0" 6bF" | 0S%0° | P1T—| ¥6C° | 8€0° 1 961 | €9°T | 0L0° 41
80%° 6TI1° | 28" 1—| 62F° | 810" | 1TF" | TH'T | 980" eI’ S101° | ¥%°'1—| 068" 820" c9¢” T | 6%0° Z8b° | OF20° | 92°1—| 182" | §90° | 95" | 1S°'T | 180° 91
66 | sse1e | Lo 1—| 925 | S50 | 6% | 6T | OFO° | POVC | oGP’ | 8G°L—| S8 | 880 | 1687 | 2€°T | ¥G0° | Ve’ [ 8601° $SI—| $28° | S20° | 6% | 6€°T | 060" 660° 0z g-
0
809" ZHIO" | 9p'— | 28 | ¥00° | 83" { €6°T | 020° L16° 8310° | ¢v'— | 602" 900" 08" G6°1 | 950" Z%S° | 0600 | €1°— | 081" | 010" | 0BT | 86°% | ¥0° ¥
6%% ° 08€0° | $O'T—| 818" [ 800" | 01" | LL'T | 920° L8 0%e0° | a6°— | 08G° 110" 695 ° 081 | 980° SLb | 8820° | 18°— | 981" | 220" | ¥91° | 98°1 | LS0° : 8
12%* | 82L0° | 8€°T—| 988" | GI0" | €.8° | 29T | 2€O° 1T | 29907 | ZeT—| SPe | SI0° | 238 [ 99°T | €807 cbbe | eck0 | 13'1—| 882" | 2607 | 103" | €4°T | 1L0° cl
0¥ " 621" | €8'T—| 68F" | 810" | 18F" | 87T | 480" 44 201" | BF 'T—; 668° 220" gLe Te°1 | 0807 SZb° | 6920 | 21— | P82 | ¥G0° | 06" | 6G°T | 280" 9i
$62°0 | £191°0| £9'T—| Z8% ‘0| ¥20°0| 84% 0} $£°T | TF0'0 | TOP "0 | I8FL 0| 8G T~} ¥¥¥ 0 220°0 | 20p°0 | 8€°T | 95070 | 02F ‘0| 8011 0| 95 "1—| 82€'O| ¥L0°0| ¥55 0y 9% T 2600 $60°0 0z ez0
¢ oyjel 30edsy ¢ o11.1 109dsy 1 opjel oedsy
suspea | 3op
2. sus sug 2 suw sus | 2. suB sus o ‘0 a/p
w7 | ap Lapea| 1 |1 v | w |apei| Fr | ap [ aper| 1o |27 | Mo | w | aper| €| 4y ) ApRL| 7D |7 | TID | ) (BB
‘3 0 3 ‘to ‘3 “o

96T°0=""7) '¢g80°0="V (¥)
YAGINAN NOILVLIAVD OY¥AZ 1LV HOVJAUAS HNILAIT WIAL-FAHHL V 0 SOLLSIYHLOVEVHO AILVINDTIVO
AI HTAV.L

INVESTIGATION OF SUPERCAVITATING HYDROFOILS OPERATING NEAR FREE WATER SURFACE 75
wy
&
g
=
&
T

i e




..... ¥800° | ¢8°T | %92° | 900" | 8S%" | 6% 1 | 2T0 TTTTT 1600 | 82°C | ¥€T 010 ¥5Z© . 6F1 | 080 7T EL00T | 086°C W 9GT" | 610" | L8L° | TG T | 640" 0
08¢ 9¥z0° | 08" 0LE" | 110" | 61¢" | 8€'T | 8CO 165 820" | 29° 163G L10 08z  Ov'1 | 880 F09° | G107 | 03°1 @ 90T | €80 | QAT 1 ¥¥'I 290" 4
£8¢ €090° [ 89— | T6E" | L10° | gL8° | 631 | €60 689 0L¥0° | 17— | S¢¢ 9z0 628" 187 | S%0 6VG° | OPE0" | 01— | 992 | 10" | ¥0G" | GE'1 | ¥20 . : 8
108 LE80 SE1— BFF " ( ¥30° | 61F 61°1 | L80 90¢ 0820 L0°1—| SO¥ 980 698 " 12°1 | 190 81¢° | 0690 | 68— | 008" | 1L0° | 6G5° | ST'I | ¥80 . ;al
744 1821 08°1—| ¥8F° | 120 34 4 60°T | 130 18% 1911 69 T—| 0S¥ LY0° £0%° S1°T | 950 96F * | 0160 Shi—; SFe" | ¥60° | 193" | 91°1 | T60 . A i 9l
944 6891° | 81°2—) 125" [ 660" | 28" | 00°1 | ¥¥0 atlg 0091° | 96 °'1—| /8% 850" | 6% | £0°1 | 090 6LF" | T6CL° | 98°1—; 888" | LLL" | 12¢° | 80T | 001 928 14
..... F500, 0 At It Heial Al Il e e e e A Mt el I it St it (it St A S N ..y... 0
§ 224 0920 | 63 868 T10° | L8 ) Lv'T | 820 8¢ §ee0” | ¥0° 00¢ 910" | ¥8C 05°T | 8€0 109" | €410° [ 0B°T G0G' | 080" | SAL° | 2GT | 290’ 1 4
9z8 €160 | 83°— | 868° [ 910" { 28¢" | L8°T | €80 1€9 0L%0° | 92— | 69€ ¥o0°© | cee $€°1 | 9%0 G¥S° | 6¥E0° | 80 — | ¥9%° | BFO" | 903" | €p°1 | TLO° |
16¥ SC80 1 21— 6¥F° | G20 | La¥° | S2°T | 880 86% e8L0° | ¥2°'T—| O1F ¥80° | 9.8 82°1 | 190 IS | 0650 | 68°— | 008" | 890" | € | €T vwc. [48
0Ly 992t I8 I—| ¥6¥" | 060" | 9% | €1°1 | T30 Ly TLIT | QL°1—| 9% o (414 81°T | 990 06v" | 6060° | 8F'I—| GpE" | 680" | 99" | €3 'T vao. . 91
199 8TLT° | T1'G—| 188" | 280" | ¥6F° | SO'T | SFO 8¢% 9091 | O1L°C—| Z6% 920 a4 80°T | 090 | QL% | 9621 | Z8'I—| 88€" | VIL" | ¥L3° | €T | ¥O1 LT 02
..... G800 | ¥B'T | 992" | S00 19¢° | 99°1 | ¢TO T 18007 | 10°G | 88T 800 G2 | L9°1T | 080 """ | 12007 | S8°C | €ST° | 910" | 28T | OL'T | 8%0°
128 29%0° | 08" 688" (010" | 628" | ¥9°1 | 820 6.8 9z20° | 8¢ 00¢ <10 98¢ | 9571 ; B8R0 009° | GLI0" [ 0Z'L | %0z | 630" | SLI° | 09°T | 90"
444 9190 | 29— | TOF" [ S10° | 988" { &F T | €80 62¢ 0Lv0" | 09— | £9€ £30 o¥e” | S¥°'T | 9%0 eFG° | 6VE0° | 80— | 99C° | 9%0 [ 01T | 09T | GL0°
88% 880 1€°T—| ¥SF° | 20" | €F° | O£°'T | 880 96¥ @8L0° | 62°1—| VIV £80 I8¢ | €81 | 2S0 019" | 06S0° | 88B°— | 108" (990" | ¢8C° | L&'T | 980
897 L1921 08 '1—| 66¥ " | 660 oLy | 61°T | 2¥0 924 LI | 9L°T—| 09% 0 9IF * %G1 | LS0° 88% " | 8060° | 2F '1—| 9% 180" | 69T 2Z°1 | ¥60°
1,94 SHLL" | O1°CG—| L8689 | 280" | 00S" | 60°T | S¥O 9sh 6091° | €1°2—| S6¥ 560 0FF - TI°L| 190" | €4F° [ 8621 | 81— 068 | OIF" | 082" | SI'T | €0F" | 208~
............... 192 | €00° | 29%° | 9L°'T | 320 TTTTT T T | egg 200 93% LLT | 080" T T T LIS [ RO [ 2810 | 8T | 8FO°
99¢ 0820 | 0% €FE" | 600° | ¥EE" | €9°T | 820 QLs coo0° | 62 ¥oe: | $10 065" |91 (880" | 968" | OLT10° 1 80T [ 308" [ 220" | 2L1° | OL°T | €90°
LIS 0190 | 92— | 90F" | ¥10° | 16€° | 6% 'L | €0 $es 89%0° | OL°— | 99¢ o0 e 1 ST | 90 TG | ¥PEO° | L1°— | 96 | €F0° | CIZ" | 8G'T | 920°
P8P <980 b '1—| 69¥ 160" | 8eF 981 | 820 [4i14 16L0° | L8°1—| L1¥ 180 98¢ " 6€°1 [ 260" 906" | 0650 | 26°— | VO£ | £90° | TG | OF°T | £80°
£9% GLZT" | 68°T—| B0S" | 820" | 08" | ST | €00 69 08I1" | £8°'1—| S9F ¥ €F° | 8CT | 850" | ¥8F° [ 8060 [ ¢S T—| 0S€" | ¥80° | 99¢° | S€°T | 960°
[ti44 0641 18 °2—| T¥¢ 980" | 909 81T | S¥O ka4 4 0291° | 61°2—| 909 £50 oSy L1°1 | 290° TLv° | 2631 | 96°T—| 068" } 901" | ¥82° | €2°L | #OI° | 861"
19¢ Sve0" | Lo ¥We' (800" | 988" | €L°T | 820 Tls 0520° | €1 ¥0¢ gl0 e6Z" | SL°T | 880 | £69° | ¥910° [ 68" €0G° | S20° | 8LT° | OB°1 | £90°
1434 0I1S0° { 06°— | 60F" | $10° | S6€° | BS'I | ¥80 0cg L9%0° | 1I8°— | 088 020 L 19T | 90" [OFG" | 2F80° | 92°— | 962" | TVO" | $1G° | L9°T | 940"
1214 L980° | € T—| L9¥% " 1 GO | L¥Y } ¥F1 | 680 88y 0BLO" | SP'1—)} TZh° | 600" | 268" | LPL ) TGO° | YOS | 060" | 90'1—) YOE" | 6507 | SPG" | €51 | 880
09% 631" | 46 1—| €19 | LT0" | 98F 18T | 00" | 9%° I811° | 16°'1—| 69F° [ 0¥0° | 6CF° | ¥E'1 1 890" | O8%' | €060 | 29'I—| 6%€" [ 080" | 69%" | &¥'1 | 960"
€k °0 | 09L1°0| 18°3—| 6PS°0; $£0°0| SISO 8T'L | 9%0°0 | 6¥F 0 | 0891 0| 9% T—| S0S 190°0 | ¥S¥°0 | 221 | £890°0 | ¥9% 0| 9821 0| 00 'C—| 68€ °0| GO 0| 2820 62°T | SOL0 | L81°0
G o118l j0adsy ¢ onjea adsy 1 o[je1 J2dsy

5 sue sus ) stre sae | sue sus .W.WM_

@z | ap [WH o v | w B G | @ [ WHE 1 [ep vl w [ RE ST @ | W s v | w TR Y

TECHNICAL REPORT R—93—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

76

%62°0=F"1D299T°0="V ()
YAIWAN NOLLVLIAVD O¥dZ LV ADVAUNS DNILAIT WHAL-HAYHL V 40 SOLLSIYALOVIVHD qALVINDTIVO
popnPuUo)— AT ATAV.L




..... 600" | 66° ObT" [ 100° | 681" | S9°T | 310" T {22000 | 10°T jtaN 100" 0z1° 99°1 [ 910" ST BI00° | ZFCT | 9207 [ €00 | £20° | 89°1 | 930 0
£29° 6210° | ©9'— | 212" | €00° | $I&" | 4&€°T | 810" 089" 6110° | ¢v°— | 061" S00° g81” €6°1 | §20° 8¥9° | 2800° | 0Z° €31 | OT0° | €TT" | 8¢°T | 0RO 14
PP | 68607 | 023°1—] 98T | L00° | 8L | WPOI | ¥G0° T6¢° | 6080° | ¥0'I—| 94T 010" | ¥%G° 9y°1 | €807 896" [ ¥020° | GO°'T—| OLT" | 120" | 6¥T " | 6% T | 990" 8
167 ° TY90° | TSI—| 8PE T | TT0° | 9887 | S€°I | 620" 86% ° L2807 | SV °1—| NI 810" 62" 9¢ T [ 0¥0° | LIS | €OKO" | ¥€°1—| 91&" | G€0° | 181" | OF'T | 990" [
86 * I101° | 08°I—] 00%° | BI0" | &8€" | SC'1 | #€0° ¥oF 1260 | ¥2°'1—| 29€° 920 ° 988" L2°1 | 9%0° 6Lb | 1290 | ¥9°T—| €92° | €90 [ OIZ" | 2€°T § 9.0° 91
, 1wy 98PT" | 06°T—| 68F° | $¢0" | ST¥ " | $T°1 | L80° Sy $3e1° | 06 °1—| GO¥ " 980" 698" LT°T | 190° 29%° 1 9660 | 48°'T—| ¥0€° [ L0 | G€C° | 2T T j S8O° A1 0z 0°g
. 809" 0810 | €9~ | €6Z° | €00° | 025" | 99°1 | 610" g19” 0g10° | 28— | ¥61° 00 081" 29°T | 920° €9 | 6800 | 8O° 21" 1800 | 9TL" [ 08'T | IO~ 4
rAY 0S€0° | 16°T—| €62° | 200" | 982" | €6°T | 920" 413 180" | 9T°T—| 69" 600" 06 ° 99°T | $80° €GC | 80Z0° [ POT—| PLT" | 610" | QST | 09°1 | SS90~ 8
6% | 9990 | GS°T—| 68" | 110" | ¥¥E&° | ¥%°T | 080" 6% " T6S0° | 9S°1—| 12¢° 910" | 908" SPT [ OF0O° [ 906" | ITVO" | £8°1—( 002" | €80° | L81° | 0G°'1 | 290" (4}
(L9 P01 | 08°1—| 60F° | 210" | 268 | C8°T | 980° L9V T#60° [ 08 °'T—| 18" 6%0° 9¥e VET [ L¥0° | €LF" | I890° | ¥9°1—| 992" | 080 | 918" | OF'1 | 8LO" 91
ey T6¥1° | 06°1—| SS%° | €20 [ 28F" | 02°1 | 680" (1428 9se1” | ¥6°1—| OTF " 80" | 9.8° 20T | ¥S0° 9SG | 6001 | S8°'T—| 608" | OLO" | 6€%° | 6271 | 480" co1° 0% 0%
..... 000" | S6° " | 100 Orl g8°1T | 210" T 18007 | 987 a1 100" ool L8°T | 910° T 8100° | OP L pLO° | 200 | QL0 | 88°T | 920 0
009 8810 G9°'— | 968" | €00 | €CC €L°1 | 6107 809 ° LIT0° | 19°— | 961" 00 ° 261" 8L°1 | 920" 089" [ 2800° | €04 FL° [ 800" | 911" | 2L°T | TR0 ¥
ey $e€0 02 1—| 262 900" | 163 65°T | 920" 629 " 01€0 15°1—| €92 600 " 414 19°7 | $80 (124 0120 g0°'1—} GL1 610 9T 99°1 | 990° 8
oLy " 2490 19 ' 1—| 98 110" | €¢8 %1 | 080" a8p 9660° | 69 'T—| 92¢° 910° 608 06T | T30 206" | LIVO" | B€'1—| €23 | £80° | 061 gg°1 | 890° 4
144 2801 08°T—{ 8IF° | L10" | 10V 9¢°1 | 480" i i 1660° | &8 '1—| LL8° g0 268 8€°'1 | 8%0 oLy 0690° | 89°T—| 043" | 060" | 0GC g¥°1 | 620° 91
ey ¥IST 06°1—| €9% €20 | OV GZ°1 | 680° 24 FOEL" | 96°1—| 8I¥° ¥20-" 88" 951 | 890 ¥Sb© | 1201 ¢8°1—| S1¢" | 690" | €¥2 £8°1 | 880° 201° 0z [ §
............... (441 100 TP1° | 2671 | 210" T Tt T @etre T00 4 86°1T | 910° TTTTA T T L RL0T | 300 | L0 00°C | S¢0° 0
625G | 800" | 92T | 28T | 610" 09" 0210° { 99— | 00C° $00° [ 961" | €8°T (920" | 629" | 2800 | €1°— | 921" | 800" | 811" | L8 | &¥O° i 4
908" | 900° | 008" | BQ'T [ 920" T2¢° | 9180° | 83°T—| 0L%° 600" 192 ° 0L°T | $80 ¥HeC | Q1307 | L0°T—| LL1° | 810" | 691 GL°T | 990° 8
v.8° | 010" | PYE 98T | 180° Ly 9090 | €9°1—| 288" 910 918" 81 | %0 g6y " | 20 b 1| 922 280 ¥61 €9°1 | 690" a1
LZv° [ 910" | 11y | CP'T | 980" | 6%F° 9460° | L8°1—| 988" $30° 298" Gy'1 | 690 99% * | 6690 1L 1—| 62" | 8%0° | S5 | GG 'T | 180" 91 .
€Ly | T30 | ISV | 08°T | OFO° 25 00%1° | 66°T—| 2€% " ¥€0° 868" | €8°'T | 50 6bb | 8C0T" | 68°T—| 918" | 890" | S¥Z* | 6€°T | 060" 160" 0z g
€€Z° [ 300" [ 282" | €6°T | 610 66¢ ° 0z10° | 89°— | 10" 200" 861" S6°T | 920° 629° { 2800 | 62°— | 821" | 800" | 0GI" | 00°C | 3F0" ¥
$2€° | 9007 | BOS" | LLT | 9307 | LIS° 020" | 3€°1—| 948" 800" 892" I8'T | G680 | 686" | STZ0" | B1'1—| @81" | 270" | 991" | 98°'I | 250" 8
$8¢° | OT0° | ¥L8° | P91 [ 280" oLy’ 9190° | 29°1—]| 688" g10° y2e” 991 | THO° 08y | S2¥0" | 09°T—| T12° | 160" | 003 | @L°1 | 1L0° (4}
8¢k 1 QI0° | €2%° | 07T | 980° ShF 0660° | 16 T—| 268" £€20° 698" 29T | 6V0° 9% | S0L0° [ 9L T—| 942" [ 2¥0° | 68T | 69°T | €80 91
I8F 0 130°0| 09% 0| 98T | OV0O'0O | OEF 0 | SZPI 0| 20'3—| 68% "0 | 220°0 | L0v°0 | 68T | SS0°0 | 9%% 0| 6V0L 0| €6 T—| 13€ 0] 990 0| S92 0| 9% "I | 3600 z60°0 0z ]
¢ oneil 10adsy ¢ orpel j0adsy 1 ory81 edsy
sus
) sus sus s sus sue | sae saw 1pes | Bop oup
=7 ayH _NE 15 |21 |1 | wm _,Wm: o7 ay _NE 1 |+ | r1p | w -_Wmh w7 | 9O -_mw&k 1 |»1p | v | w _%Mu

961°0=""7) {gL0'0="y (®)
YAINAN NOILVLIAVD OYHZ LV HOVAYNS HONILIAIT WHHL-IAIL V 40 SOILSIYHILOVIVHD QALVIADIVO
A TTIVL

INVESTIGATION OF SUPERCAVITATING HYDROFOILS OPERATING NEAR FREE WATER SURFACE 77

- smtsihis Skl bbb it 3 podaal o




| | " , : |
..... 2800° | LL°T | 192" | ¥00° 7 202° 6T (2307 - TTTTT | €800° 190 | 28¢° | 00T  %ezT  6F'T 0807 ---- | zg00° 687 LpU 110" | 981" | 51 | 6¥0° 0
28" | 9220° | £0° Gze" | 800" & LI€° . 8C'I | 820" 6697 | L0G0° . ¥T° 682" | 110" 822" OVl 80" OL° | €S10° 90T  ¢6I' . €30° . LI’ VBT | 290" ¥
c19- | cov0" | 90°1—| o8¢ | €10 | €2€° | 62T I €80  ¥29° | ZZH0T ) 06— | LPE° | 610" BGET IEl . SPOT  G€9° | 86507 & — I¥Z’ 860" T £0G7 . GE'T | VLO” 8
8L 88.0° | 99°1—| 9e¥" | 6107 | L1¥" | 61’1 | LEO 06" | OLL0° | 99— S68° | 820" 298" 121 0S0°  ¥8Y © GIS0° 0LT— 983" 940" : 08%° 92T | ¥80° cl
98¢ SOTT" | 182—| 8Lb" 1 920" | 2SF° | 60°T | 10" - 685" | 290T° | €5°3—| O¥p" 1 6€0° ; I0V° LT | 90 , 096" | 86L0" 88'I— 128" LL0° , 0GZ" ' 9L'1 60" o9 .
209 | 2191 | €2°5—| SIS | €80° | 98%" | 10°T | ¥¥O° | 1IS° | 8LPL™ | 0L°3—| 8% | 090" | 8Ty - €O'L | 0907 | Ze¢’ | 8YIL’ | OFG— OLE° 00T | 02" | 80°'T | 00T ¥ez [ ¢
! | i . I ! i
929" [ 6IZ0° | 8I'— | 82€° | 900" 1 Z2&" | OV'T | 820" | 189" | 00G0" 0 %63 | 010" 28 - 8F'L:880° gIL' | OFI0" ~ OL° 61" 020" BLTT 1 G8°T | 290° ¥
709 09%0° | ¥z T—| 16€° | T10° : 08€" 1 9¢°T ; €60 | $I9° | LTF0" ; 80°'T—| b€ | LI0° ; ILE" : 2E'1 | G¥0° 829~ , 000" 29 '— OFZ'  ¥80° Y0&'  €F'1 ¥L0° ]
P9 280" | 68 1—| 68F° | L10" | 23" | %G1 | 580" © 89¢° | 1120 | 08°I—| 648" | 920"  ¥28° 9T 160" 08" | OIS0 Y£'I— ¢8Z ' €50° GES' 2Ll | £80° 4
829" | 2011 | ¥pz—| 9sb~ | $20° | 2% | PLT | GPO° | 28G° | 001" | S8°C—| Tpp" | 9EO | Y0¥ | QLT | 2607  9¥S' | €6L0° | L6°T— 628" - €L0° 9¢g° 1 341 | €60° 91
209" | 0701 | g8'a—| ¥¥S" | 260" | Z6F° | YOT | ¥BO" | 906" | 96PT" | 8LT—| I8F" | LBO° i ¥EPT | 90°T | 090"  BIGT | FHIL | PGG— L98° 9607 ; TLT | €L'T 101 jat 0z 0%
..... 69007 | €¢°T | 092" | €00° | L92° | 99°T | T20 Tttt le00 08D | 2230 ' R00T 1 82T | 29°1T 630 STt 18007 | 89°2  BEIC 800T | 98T | BL°T | 8%0° Y
LY PT60" | ¥ — | 1867 | 9007 | G3€° | ¥S°T | 820" | €89° | G610 | LO'— , £6%° . 600" | 8T | 9¢°1 8E0 20L° 1 6810° | 6G° 161" 610" 1 GLL' | 6S°1 | 890" ¥
109 990" | 1€°'T—| 968" | 110" | S8€° | €F°T | €80 | 119" | GI¥O° | €T'T—| IS8 . 910" | $8€° | ¥p'1 . S¥0 w9 | 1080° | gL — {TPTT ) €80 60G" | TIS°T | 5L0° I8
695" | €820° | 66°T—| G¥b' | 210" | 8Zp° | 08T | 880" | €9¢° | WL | ¥BI—| €Ob" : GG0" | 88" | €E'L| TSO" | 649" | IS0 | 9¥T—| L83 | 1SO" | 98T’ | 6E°T | 680" 4
ey TLIT | 8P 3—| O6F" | $20° | 99F" | 611 | S¥0° | OBS" | 9401 | 8€°@—| L¥%" | G€0° |2ZI¥" | GB'1 | 180 TveT | 16207 | 80°C—| 8G€" | TL0° | LSC° | LT'T | ¥60° 91
08 | €291 | S8°3—| 8oS" | 180" | 6% | 60T | G¥O" | FOS" | 68¥1° | 0BZ—| €SP | OFU" | LEFT | TT'T | T90 916" | ¥FIL" | 99°C—| 1287 | €60° | 8LZ" | 81°T | TOI~ ¥0¢* [14 0T
............... 092" 1 200" | 86%° | LL°T | Q20" | TTTTT | TTTTT| TTTTT | Lge | ¥OOT | €3%° | 8L°T ) 620 Tt Tt ] T GRTC | L00C | SETC | €8°1 | 8F0° 0
999 150" | ee°— [ 288° | 900" | 188" [ ¥O°T | 820" | 829 | 9610 | GI'— | 96G° | 80O | 883" | 9971 | 8€0 ¥OL° | OF10° | 6F° 61 | 610" | S2T° | OL°T | 290" |4
960" | 090" | 8¢'T—| 268" | 010" | 88" | 67T | €60° {909 | 9I¥0° | oo '1—| LG€" | GLO° | ove™ | €971 | 9%0 129" | 6630° | 08"— | gbg" | 1€0° | TIZ" | 691 | 9L0° 8
94¢ 9820° | 90°7—| 9¢F" | 910" | ObF | 88°1 | 880" | 09" | 810" | €6°1—|60F" | $20° | 988" | OF'L | 360" | G4G° | OISO" | LG 'T—| L8Z | 8F0" | 683" | 9% "1 | 980" 4
(444 oRIT" | 9G2—| 66%° | €20 | 928 | SZ°I | 2v0° | S38" | 6L0T° 1 9pG—| ¥S¥ | ¥80° 1 0¥ | 81| 260" | 189" | T6L0 | 613—) 2€E | 890 | ¥9T' | C€'T | 960° 91
G6v " | 591" | ¥6°C—| 989" | 0B0" | 906" | WI'L | YO | L6F° | 96VI" | ¥6'C—| €6F SPO° | S¥PT | LTTT | 290 IS° | OPIL" | €9°C—| 028" | 680" | 182" | €C'T | €0T~ ¥6L” (-4 g
199" | 0120° | OF"— | see” | 900" | 2ee | €2°1 | 830" | ¥£9° | 9610° | 9T'— | 262 | 200" | 06%° | SL'1 | 80" | €0L° | OFIO" | OF " T61° | 9107 | SLT1" | 08°T | 290° 4
769" | 09v0° | % T—| g0b° [ 010" | €68 | 8T | ¥ | 109° | BI¥O" | OE°T—| 6SE" | FIO° | S¥ET | TY'L | 9¥O' | 0c9° | 16207 | L4°— | OKZ" | 820 | Q1T | L9°L | GLO° ! 8
gvg: | 06207 | STo—| €9%" | G10™ | 8PP | OF°1 | 680" | ¥65° | 0020° | €0°c—| €I¥" | G0 | 168" | 8F'I | 290 0.8 | 6080 | $9'T—| 98¢ | ¥¥O" | TG | ¥G°T | 980° [4}
oTS" | S6I1" | #9°2—| %09 | 20" | ¥8¥" | 1€ T | ¥0° | Toe | 280T° |2gz—| 69F° | 380" | LZp° | PE'T | 850" | ¥€S" | ©6LG" | 25— I8° | ¥90° | L92° | TF'1 | 160" 91
63 °0 | 8¥91°0| S0°€—| ¢k 0| 820°0] $1¢°0| 8T T | SO0 | €6¥ 0 [ SOST 0| 26 '¢—| 6% 0 | €FO'0 | &% 0 | 12°1 | 290°0 | 605 0| OFIL 0 69— 1L8°0| $80°0| 982 0| 621 | ¥OL'0 £81°0 , 14 €0
: |
¢ o178l 199dsy ¢ orjul Joedsy 1 o134 193dsy
sus 33p

2 sue sug P sug sue 2 sue sue -pel ‘0 ap

Frye v Aper | 19 (I P | w4 AApBL | o= a | -per | 1) B L] wo | -lper | o a9 Apel | 1o (1) | V15 | w | -1pel o
z A o °x “ “o °z 3 “0

TECHNICAL REPORT R—93—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

78

26£°0=""7) l0¢T'0="v (Q)
YAIINAN NOLLVLIAVD O¥HZ LV HOVAUNS DNILLIIT WHAL-HAIA V 40 SOILSIYALOVIVHD dILVIADTIVO
papnpuo)—A H'1dV.L

U.S. GOVERNMENT PRINTING OFFICE: 1961




